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STATEMENT  OF  THE  TASK 


Task  I.  Develop  a  detailed  understanding  of  and  procedures  for  the  sintering  of  boron 
carbide. 

Task  II.  Measure  the  mechanical  damping  capacity  of  boron  carbide  and  evaluate  means 
to  enhance  the  damping  capacity  in  structures  consisting  of  inorganic  materials.  Additionally, 
evaluate  the  fracture  strength  and  elastic  modulus  of  sintered  boron  carbide  and  relate  these 
to  the  characteristics  of  the  sintered  material. 


SUMMARY  OF  RESULTS 


1.  Boron  carbide  of  composition  near  B4C  shows  minimal  densification  when  fired  at  tem¬ 
peratures  up  to  2300  °C;  typical  densities  are  in  the  range  60  to  70%  of  theoretical  densi¬ 
ty.  The  microstructure  which  develops  in  such  material  consists  of  an  interconnected  ar¬ 
ray  of  grains  separated  by  large  channeled  pores.  The  major  phenomenon  in  this  micro- 
structural  development  is  the  excessive  growth  of  pores  relative  to  grain  growth  and  the 
failure  to  form  appreciable  necks  between  the  grains.  This  failure  apparently  leads  to  a 
condition  of  thermodynamic  pore  stability  and  limited  densification.  Oxygen  is  an  active 
species  in  this  process. 

2.  Carbon  additions  to  B4C  promote  densification  by  inhibiting  the  pore  growth  process  and 

allowing  substantial  necks  between  particles  to  form  prior  to  densification.  With  5  to  6 
wt%  added  carbon  (B/C  atomic  ratio  ^  3.25)  optimum  densification  is  obtained.  Firing 
in  the  temperature  range  2220-2230°C  produces  sintered  densities  >  97%  of  theoretical 
density  with  a  fine-grained  microstructure  (grain  size  =  1  to  5  Compositions  con¬ 

taining  less  than  the  optimum  carbon  addition  (2  wt%  C)  densify  to  90%  at  higher  tem¬ 
peratures  (>  2250  °C),  but  this  is  attended  and  apparently  facilitated  by  excessive  grain 
growth.  Solubility  of  the  carbon  in  B4C  is  <  1  wt%  after  cooling  from  the  sintering  tem¬ 
perature.  No  formation  of  a  eutectic  liquid  is  apparent  and  the  sintering  proceeds  via 
solid  state  mechanisms. 

3.  At  sintering  temperatures  above  2235  °C,  abnormal  grain  growth  occurs  in  carbon-doped 
B4C  by  the  formation  of  individual  or  clustered  large  grains  (>  10  /um  size).  This 
growth  is  possibly  induced  by  impurities  such  as  Si,  Al  or  Fe  initially  present  in  the  B4C 
material.  Transgranular  microcracking  caused  by  the  thermal  expansion  anisotropy  of  the 
B4C  crystals  appears  in  coarse-grained  structures  when  the  grain  dimensions  approach  100 
/um.  Increased  carbon  additions  (to  12  wt%  C)  inhibit  the  abnormal  grain  growth  at 


sintering  temperatures  up  to  2270  °C  without  diminishing  the  sinterability  of  the  B4C. 

4.  Boron  carbide  powder  with  a  specific  surface  area  of  about  8  m2/g  was  required  for 
densification  of  carbon-doped  B4C  to  95%  of  theoretical  density.  Powders  with  surface 
areas  of  2  m2/g  or  less  did  not  densify  to  over  80%  density.  Increasing  the  surface  area 
to  approximately  20  m2/g  provided  at  best  only  moderate  increases  in  sinterability.  An 
attrition  milling  process  was  used  in  this  study  to  prepare  sinterable  B4C  powders  (with 
surface  areas  of  =  8  to  20  m2/g)  from  relatively  coarse,  abrasive  grade  B4C  material. 

The  milling  technique  was  efficient  and  introduced  only  minimal  impurities  to  the 
powder. 

5.  The  inherent  mechanical  damping  capacity  of  B4C  was  higher  than  that  for  many  metals 
and  ceramics,  but  does  not  qualify  B4C  as  a  highly  damped  material.  Attempts  to  achieve 
the  objective  of  increased  damping  capacity  by  materials  design  techniques  were  not  very 
successful.  However,  structural  design  techniques  offered  means  to  appreciably  enhance 
damping  capacity  in  structures  containing  high  aspect  ratio  B4C  components,  particularly 
with  the  introduction  of  specific  damping  elements  to  the  structural  assembly. 

6.  The  flexural  strength  of  sintered  B4C  with  appropriate  powder  processing  and  sintering 
conditions  was  approximately  550  MPa  —  20%  higher  than  that  found  for  hot-pressed 
B4C.  A  coarse-grained  microstructure  or  the  presence  of  carbon  segregations  in  the  mi¬ 
crostructure  was  highly  detrimental  to  the  fracture  strength  of  sintered  B4C. 


I.  INTRODUCTION 


The  development  of  structural  members  for  a  space  vehicle  apparatus  is  a  question  of  the 
choice  and  development  of  materials  and  the  selection  of  minimal  compromise  in  design  such 
that  an  optimum  performance  may  be  achieved.  Given  the  generic  application  and  the  priori¬ 
ties  for  performance,  materials  have  been  identified  that  have  potential  beyond  those  present¬ 
ly  in  use  or  under  consideration.  To  explore  and  ultimately  realize  this  potential  requires 
more  data  on  properties  and  innovations  in  material  processing  that  would  allow  evaluation  of 
the  benefits,  feasibility,  and  cost. 

Application 

Large-aspect-ratio,  electrically  insulating  structural  components  for  long-term  operation  in 
the  -200  X  to  +200  X  range. 

Materials  Requirement 

1.  Chemical  stability  over  the  -200  °C  to  +200  °C  range 

2.  Low  density 

3.  Low  outgassing 

4.  High  stiffness 

5.  Electrically  insulating  but  dielectrically  lossy 

6.  High  capacity  for  damping  of  mechanical  oscillations  of  the  completed  structure 

7.  Low  thermal  expansion 

8.  Moderate  thermal  conductivity 

9.  Resistance  to  radiation 
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The  above  requirements  led  to  the  selection  of  boron  carbide  as  an  inert,  high-potential 
candidate  for  such  composite  structures  because  the  stiffness  to  weight  ratio  in  B4C  exceeds 
any  other  substance  (except  Be  metal).  The  feasibility  of  fabrication  of  complex  structures 
from  B4C,  however,  has  not  been  developed  in  the  past  and  became  the  prime  objective  of 
this  work  along  with  an  effort  to  find  ways  to  meet  the  other  criteria.  In  particular  the  aspect 
of  the  damping  capacity  in  B4C  has  not  been  studied  at  all  and  even  general  information  on 
the  damping  of  mechanical  oscillations  in  ceramics  has  been  scant.  Therefore  this  subject  be¬ 
came  a  separate  task  in  this  study. 

In  this  report  we  discuss  work  performed  between  June  1,  1984  and  May  30,  1985  in  con¬ 
junction  with  the  project  “Development  of  Spacecraft  Materials  and  Structures  Fundamen¬ 
tals.”  The  report  is  divided  into  two  chapters:  I)  Sintering  and  Microstructure  Development 
of  Boron  Carbide,  and  II)  Mechanical  Properties  of  Boron  Carbide  and  Structures. 
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I.  SINTERING  AND  MICROSTRUCTURE  DEVELOPMENT  OF  BORON  CARBIDE 


A.  Summary  of  Previous  Work 

Work  performed  during  the  first  year  of  the  contract  period  generated  these  significant  re¬ 
sults:1 

1.  Boron  carbide  (B4C)  powder  compacts  could  be  densified  to  >  95%  of  theoretical  density 
(TD)  with  carbon  additions  in  a  manner  similar  to  that  reported  by  Schwetz  and 
Grellner2.  Compacts  with  no  added  carbon  showed  little  densification;  typical  fired  den¬ 
sities  were  70%  TD. 

2.  B4C  powders  available  from  commercial  sources  were  too  coarse  (surface  area  <  2  m2/g) 
for  achieving  sintered  density  over  90%  TD.  Attrition  milling  of  selected  powders  was 
employed  to  increase  the  surface  area  to  =  8  m2/g.  Subsequently,  the  material  could  be 
sintered  to  high  density  with  carbon  additions. 

3.  Optimum  sintering  was  achieved  by  firing  at  2220-2230°C  for  1/2  h  in  argon  with  a  com¬ 
position  of  B4C  plus  4-6  wt%  carbon.  Sintered  compacts  with  97%  TD  and  a  fine-  grained 
~  3^m)  microstructure  were  obtained. 

4.  At  higher  firing  temperatures  (>  2235°C)  abnormal  grain  growth  was  observed,  and  this 
was  sometimes  accompanied  by  transgranular  microcracking. 

5.  The  feasibility  of  forming  complex  shapes  of  B4C  was  demonstrated  by  extruding  a  B4C 
powder-binder  composition  as  high  aspect  ratio  rods  and  subsequently  firing  these  intact 
to  high  density. 

For  the  most  part,  these  results  comprised  a  preliminary  examination  of  the  sintering 
behavior  and  microstructure  development  in  sintered  B4C.  The  currently  reported  work  pro¬ 
vides  a  more  detailed  investigation  into  the  sintering  behavior  of  B4C  with  attention  given  to 
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optimization  of  the  process. 


As  noted,  carbon  additions  were  necessary  to  promote  significant  densification  in  B4C. 
Other  sintering  aids  have  been  reported,1'16  but  these  most  likely  rely  on  the  formation  of 
second-phase  liquids  or  compounds  to  induce  densification.  They  also,  in  general,  appear  less 
reliable  than  the  carbon  sintering  aid.  Since  carbon  is  a  component  of  B4C,  its  addition 
should  not  complicate  any  consideration  of  phase  equilibria  or  sintering  mechanisms.  Because 
only  a  small  addition  of  carbon  is  required,  the  properties  of  B4C-C  sintered  compositions 
should  be  closely  representative  of  B4C  itself.  For  these  reasons,  this  work  was  solely  direct¬ 
ed  at  compositions  in  the  B4C-C  system. 

B.  Material  Source  and  Analysis 

The  initial  steps  in  the  sintering  study  were  to  identify  and  characterize  suitable  B4C  ma¬ 
terial.  Available  B4C  powders  of  reasonable  purity  were  generally  abrasive  grade  materials 
with  a  relatively  coarse  particle  size  (1  /xm)  and  low  specific  surface  area  (<  2  nr/g).  These 
factors  contributed  to  the  inability  to  sinter  (densify)  these  powders  by  the  procedures  used  in 
this  study.  Attrition  milling  to  reduce  particle  size  was  employed  for  selected  powders  to 
demonstrate  the  feasibility  of  producing  sinterable  B4C  from  the  abrasive  grade  powders. 

The  procedures  and  results  of  the  milling  study  are  given  in  the  next  section. 

One  B4C  powder  (ESK  Grade  1500)  was  found  which  had  a  sufficiently  fine  particle  size 
and  high  surface  area  (12  m2/g)*  for  sintering.  In  the  as-received  condition,  high  levels  of 
iron  and  titanium  contaminants  were  present  (>  0.1%)  in  this  powder.  Consequently,  a  sul¬ 
furic  acid  leach  was  used  as  a  purification  step.  This  leaching  step  was  applied  to  all  B4C 
powders  used  in  this  study. 

Two  other  forms  of  the  ESK  material  were  also  used.  Grade  1200  was  essentially  identical 

*  Alter  leaching 
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to  Grade  1500  except  that  it  had  a  coarser  particle  size  and  lower  surface  area  (2.1  rrr/g).  A 
high  surface  area  material  was  obtained  by  sedimentation  of  the  Grade  1500.  This  was  ac¬ 
complished  by  dispersing  200  g  of  powder  in  5  1  of  water  with  2.5  g  of  a  dispersant.*  The 
liquid  suspension  was  allowed  to  settle  for  22  h  and  then  the  upper  10  cm  of  a  total  15  cm 
liquid  height  was  siphoned  off  to  collect  the  fine  fraction  of  the  powder.  This  was  flocculated 
with  nitric  acid,  decanted,  washed  with  acetone  and  dried.  Forty  grams  of  fine  powder  was 
collected  in  this  way  and  it  had  a  surface  area  of  20.6  m2/g. 

Attrition  milling  was  applied  to  three  different  B4C  powders  —  Norton  Norbide,  Aremco 
Superfine,  and  the  ESK  Grade  1500  —  to  produce  additional  sinterable  B4C.  The  Norton  ma¬ 
terial  contained  considerable  free  carbon  (5.2  wt%)  in  excess  of  the  B4C  composition  while 
the  Aremco  and  ESK  had  less  than  1  wt%  excess  carbon.  All  of  the  powders  showed  compa¬ 
rable  X-ray  diffraction  (XRD)  patterns  and  lattice  parameters  which  correspond  well  with 
those  reported  for  the  composition  B4C.3  4  Characteristics  of  all  the  B4C  powders  as  prepared 
for  sintering  are  given  in  Tables  1  and  2.  The  analytical  techniques  are  described  in  Appen¬ 
dix  1.  Sintering  results  given  in  this  report  are  for  the  ESK  Grade  1500  unless  otherwise  not¬ 
ed. 

*  Orozan.  ITT  Rayonier.  Stamford,  CT. 


Table  1 

B4C  POWDERS  USED  IN  THE  SINTERING  STUDY 

1.  ESK  Tetrabor  Grade  1500,  ESK,  Tonawanda,  NY.  Leached  with  H2S04. 

2.  ESK  Grade  1500  attrition  milled  and  leached  with  H2S04/HN03/HF. 

3.  Norton  Norbide,  Norton  Co.,  Worcester,  MA.  Attrition  milled  and  leached  with 
H:S04/HC1.* 

4.  Aremco  Superfine,  Aremco  HPM  Division,  Ossining,  NY.  Attrition  milled  and  leached 
with  H2S04/HN0,/HF. 


*  Attrition  milling  procedure  for  this  material  described  in  previous  report1 
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Table  2 

CHARACTERISTICS  OF  B4C  POWDERS 


Powder 

1 

2 

3 

4 

B/C  atomic  ratio 

4.0 

4.0 

3.2 

3.9 

Oxygen  (wt%) 

1.15 

1.10 

0.68 

1.63 

Impurities  (ppm) 

Ti 

850 

150 

150 

200 

Si 

700 

800 

800 

700 

Fe 

300 

200 

1250 

250 

Ca 

200 

100 

900 

900 

A! 

5 

100 

70 

300 

N 

1200 

1200 

1000 

6700 

Free  carbon  (wt%) 

0 

0 

5.2 

0.9 

Median  particle  size  (/xm) 

1.0 

0.61 

1.38 

0.63 

Specific  surface  area  (m2/gm) 

12.0 

17.5 

8.8 

18.5 

XRD  lattice  parameters  (A) 

(Hexagonal) 

ao 

5.601602) 

- 

5.6038(9) 

5.6022(10) 

Co 

12.0744(25) 

12.0789(19) 

12.0815(21) 

C.  Comminution  of  Boron  Carbide 


j  Obtaining  high  densities  in  B4C  compacts  by  sintering  is  possible  only  with  starting  materi¬ 

als  that  have  an  average  particle  size  in  the  one-micrometer  range  or  less.  In  such  powders, 
as  in  SiC,  the  fraction  of  particles  >  1  /am  and  the  size  distribution  determine  the  sinterabili- 
^  ty.  To  find  a  correlation  between  the  particle  size  and  the  sintering  response  of  B4C,  a  fine 

powder  preparation  procedure  was  needed.  In  addition,  any  future  application  of  the  sintering 
process  would  require  a  reliable  source  of  fine  B4C  powders  that  would  be  most  likely  fabri- 

i 

cated  by  comminution  of  coarser  materials.  The  fine  grinding  of  B4C  was  therefore  made  an 
essential  part  of  this  development. 

In  previous  comminution  experiments1  that  were  conducted  in  a  ball  mill  and  in  an  attri- 
tor,  it  was  observed  that  the  usual  routine  procedures  failed  to  yield  the  required  submicron 
particle  size.  The  reason  was  the  extreme  abrasiveness  of  B4C  that  resulted  in  so  much  iron 
wear  on  wet  milling  that  after  achieving  a  specific  surface  area  of  about  8  nr/g,  further  parti¬ 
cle  size  reduction  practically  ceased.  In  other  words,  the  production  of  wear  was  limiting  the 
achievable  refinement.  For  instance,  in  a  l1/:  gal  attritor  on  milling  -325  mesh  B4C  with 
1/8  in.  steel  milling  media,  the  wear  of  iron  approached  the  weight  of  the  charge  after  8  h. 

The  removal  of  this  amount  of  iron  from  the  product,  although  feasible,  proved  a  very 
cumbersome  and  lengthy  operation,  making  such  a  process  impractical.  Finer  B4C  dispersions 
could  then  be  prepared  only  in  a  few  10  g  lots  by  Stoke's  sedimentation  of  the  acid  leached 
product.  A  need  for  a  new,  more  productive  procedure  was  recognized  and  its  development 
was  undertaken. 

There  exists,  of  course,  the  option  to  synthesize  B4C  by  such  a  process  in  order  to  obtain 
a  very  fine  dispersion  directly.  This  has  been,  in  fact,  the  preferred  alternative  in  the  fabrica¬ 
tion  of  many  other  ceramics  such  as  alumina,  zirconia,  or  silicon  carbide.  Powders  of  B4C 
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prepared  by  such  commercial  processes  were  sampled  and  tested  previously;1  however,  their 
sintering  behavior  was  not  encouraging.  To  launch  a  parallel  in-house  program  to  synthesize 
B4C  with  the  right  dispersion  and  properties  was  not  possible  because  of  funding  constraints; 
it  may  be,  however,  a  desirable  avenue  to  pursue  in  future  work. 

In  the  search  for  a  better  comminution  process,  four  different  techniques  were  considered; 

1.  Milling  with  steel  media  with  continuous  magnetic  removal  of  iron  wear. 

2.  Attritor  milling  with  B4C  active  components. 

3.  The  use  of  the  turbomill  developed  and  tested  recently  by  the  U.S.  Bureau  of  Mines.’’ 

4.  Autogenous  grindings  in  an  attritor  with  plastic  components  and  with  B4C  grinding 
media. 

Understandably,  exhaustive  studies  could  not  be  performed  on  all  four  techniques.  Rath¬ 
er,  the  work  served  to  identify  the  most  promising  and  most  easily  adoptable  technique  under 
the  circumstances  and  limitations  of  this  program.  The  following  discussion  highlights  the  re¬ 
sults  and  some  problems  encountered. 

1.  Continuous  iron  removal 

Iron  wear  has  been  identified  as  the  limiting  factor  in  conventional  milling  of  B4C  in  an  at¬ 
tritor,  and,  consequently,  continuous  magnetic  separation  of  iron  from  a  recirculating  slurry 
was  conceived  as  a  possible  improvement.  To  test  the  possibility,  a  gravity  ferrofilter  (S.G. 
Frantz,  Trenton,  NJ,  model  41)  was  installed  in  the  line  that  recirculated  the  slurry  in  the  U/2 
gal  attritor  (Union  Process,  Akron,  Ohio,  model  S-l).  The  milling  medium  consisted  of 
1/8  in.  steel  balls  and  the  charge  was  1300  g  of  1200  mesh  B4C.  The  formation  of  iron  wear 
was,  however,  so  massive  that  the  ferrofilter  plugged  up  in  less  than  one  minute  of  running 
time  and  the  experimentation  was  discontinued.  The  difficulty  arises  from  the  design  of  the 
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iron  separator  that  is  built  to  remove  small  quantities  of  iron  but  is  not  suitable  to  handle 
large  quantities. 

2.  Attritor  components  with  B4C 

The  concept  of  using  mill  liners  and  milling  media  of  a  composition  approximately  identi¬ 
cal  to  that  of  the  charge  is  quite  popular  in  solving  the  wear  problem  in  ceramic  processing.  It 
is,  however,  usually  the  solution  of  last  resort  because  of  increased  expenses.  The  feasibility 
of  this  concept  for  milling  silicon  and  silicon  nitride  was  demonstrated  recently  by  Herball, 
Glasgow,  and  Orth.6 

In  the  present  work  we  tested  only  the  critical  part,  i.e.,  the  agitator  blades  of  a  laboratory 
attritor  (Netsch,  Exton,  PA,  model  075).  The  5  cm  diameter  blades,  0.8  cm  thick  were 
EDM-machined  from  a  hot-pressed  billet  received  from  Ceradyne  Company,  Inc. 

The  assembled  agitator  is  shown  in  Figure  1  after  testing  for  36  hours  with  a  —  20  +  40 
mesh  grit  of  pre-rounded  B4C  at  1500  rpm.  The  severe  wear  of  the  blades  incurred  in  the 
relatively  short  test  indicated  that  this  approach  was  not  practical  for  B4C. 

3.  The  U.S.  Bureau  of  Mines  turbomill 

In  a  recent  report  Wittmer5  described  the  development  of  the  turbomill,  a  device  designed 
for  autogenous  wet  grinding  of  laboratory  quantities  of  hard  materials  such  as  SiC.  Additional 
work  was  reported  by  Hoyer  and  Petty.7  This  mill  is  composed  of  an  inner-bladed  cylindrical 
rotor  and  an  outside  bladed  stator  with  a  gap  of  6  mm  in  between.  These  components  are 
mounted  coaxially  in  a  jacketed  cylindrical  container.  The  rotor  and  stator  were  made  either 
partially  (blades  only)  or  fully  of  ultra  high  molecular  weight  polyethylene  (UHMW  PE).  The 
milling  medium  was  a  coarse  fraction  (—  20  +  36  mesh)  of  the  same  material  as  the  charge 
to  be  ground.  The  mill  was  operated  wet  at  about  1600-1700  rpm.  Very  good  results  are  re¬ 
ported  for  milling  of  SiC  that  yielded  a  product  with  a  specific  surface  area  of  33  m2/g. 


Figure  1. 


Attritor  agitators  with  blades  of  polyethylene  (left),  hot-pressed  B4C,  and 
alumina  after  a  36  h  exposure  to  -20  +40  mesh  B4C  grit  at  1600  rpm 


A  duplicate  of  the  Bureau's  mill  was  built  in  this  laboratory  and  subjected  to  several  tests. 
Two  runs  were  made  with  B4C  using  the  following  charge: 

1000  g  —  20  +  40  mesh  prerounded*  B4C 

330  g  1500  B4C  Tetrabor 

1400  cc  Water 

1  g  Ora/on  (sodium  lignosulfonate)  as  dispersant 

1430  rpm 

3  and  6  h  running  time 


r 


The  dispersion  thickened  considerably  and  additional  deflocculanl  was  used  to  control 
viscosity  during  the  run.  The  slurry  was  then  diluted,  screened  to  remove  the  milling  medi- 


*  Prcrnunding  was  done  in  a  separate  operation  lor  16  h  in  water. 


um,  and  subjected  to  particle  size  analysis  by  screening  down  to  10  /am  mesh  size.  A  centri¬ 


fugal  particle  size  analyzer  was  used  for  analyzing  the  subsieve  fraction.  The  results  are 
shown  in  Table  3  and  Figure  2. 

The  particle  size  analyses  show  substantial  refinement  of  the  subsieve  fraction,  particularly 
in  the  near  1  /am  size  of  the  distribution.  This  refinement  was,  however,  not  reflected  in  the 
specific  surface  areas  of  the  product.  The  subsieve  fraction  gave  8.2  nr/g  (actually  a  de¬ 
crease)  after  3  h  and  10.75  rrr/g  after  6  h  milling,  only  a  moderate  increase  from  the  initial 
9.2  nr/g  for  the  Tetrabor  1500  charge.  This  is  probably  the  consequence  of  two  effects. 

First,  because  deagglomeration  took  place  due  to  the  high  shear  forces  with  only  little  frag¬ 
mentation  in  the  submicron  range,  the  decrease  of  the  median  particle  size  is  not  accom¬ 
panied  by  a  specific  surface  area  increase.  Second,  the  coarse  fraction  used  as  milling  medium 
is  being  broken  up,  as  evidenced  in  the  sieve  analysis  in  Table  3.  The  data  shows  that  12%  of 
the  coarse  grit  disintegrated  in  6  h.  The  size  distribution  indicates  that  the  rate  of  particle  re¬ 
moval  is  inversely  proportional  to  particle  size;  i.e.  the  smaller  the  particle,  the  higher  the 


Table  3 

SIEVE  ANALYSIS 


Sieve  No. 

Particle  Size 
Interval,  miti 

Weight  of 
Oversize,  g 

Cumulative  Weigh 
of  Oversize,  g 

20 

840 

0 

-20  +40 

840-240 

880 

880 

-40  +100 

420-250 

46 

926 

-100  +200 

250  75 

17 

943 

-200  +400 

75  37 

2.9 

945.9 

-400  + 10  um 

37  10 

1.1 

947.0 

0.1  0.2  0.4  0.6  0.8  1.0  2  4  6  8  10 

PARTICLE  SIZE,  pm 

Figure  2.  Particle  size  distribution  of  B4C,  Tetrabor  1500  as  received  (1),  and  after  3  (2) 
and  6  h  (3)  milling  in  the  turbomill 

probability  it  will  be  broken  up.  However,  because  this  relationship  does  not  apply  any  longer 
in  the  submicron  size  range,  the  turbomill  rapidly  produces  particles  near  1  but  has  only 
limited  effect  in  the  range  of  0.5  jum.  The  drop  in  the  specific  surface  area  can  be  well  under¬ 
stood  in  this  way.  The  results  of  Hoyer  and  Petty  obtained  with  several  hard  materials  seem 
to  agree  with  this  explanation.7 

The  turbomill  is  an  impressive  innovation  because  its  use  solves  the  problem  of 
wear/contamination  on  fine  grinding  of  hard  materials.  It  is  effective  in  refining  materials 
down  to  the  micron  size  range;  however,  in  its  present  version  it  has  only  a  small  effect  in 
producing  particles  in  the  tenth  of  a  micron  range.  Further  modifications  and  optimization 


are  needed  to  achieve  this. 


4.  Autogenous  grinding  in  the  attritor 


The  principle  of  autogenous  grinding  and  the  use  of  UHMW  PE  active  components  intro¬ 
duced  by  the  Bureau  of  Mines’  investigators  were  applied  with  promising  results  to  submicron 
grindings  in  the  laboratory  attritor  (Netsch  Co.  model  075).  The  blades  of  the  agitator  were 
made  of  UHMW  PE,  and  the  jar  was  lined  with  regular  PE.  Prerounded  —  20  +  40  mesh 
B4C  grit  served  as  the  milling  medium.  The  mill  was  run  at  1600  rpm  and  different  liquids 
were  used  in  a  series  of  experiments.  The  results  of  several  runs  are  summarized  in  Table  4 
and  Figures  3  and  4,  and  are  discussed  below. 

Effective  particle  size  reduction  of  B4C  in  the  submicron  range  was  obtained.  This  is 
shown  by  the  specific  surface  areas  before  and  after  milling  and  by  the  particle  size  distribu¬ 
tion  curves.  The  particle  size  reduction  continued  up  to  24  h  of  milling,  the  longest  time  ap¬ 
plied.  It  was  shown  with  other  materials  that  refinement  continued  still  at  65  h  grinding  time, 
although  at  a  reduced  rate.8  Using  a  deflocculant  was  essential  to  control  the  rapidly  increas¬ 
ing  viscosity  of  the  slurry  that  resulted  from  the  production  of  very  fine  particulates.  In  al¬ 
cohol,  the  viscosity  increase  was  small  and  no  deflocculant  was  needed. 

The  disintegration  of  the  milling  medium  was  small  as  shown  by  the  oversize  fractions  on 
sieves  mesh  400  and  10  /am  in  experiments  1,  2,  3,  and  6.  The  large  oversize  fraction  in  ex¬ 
periments  4  and  5  was  the  result  of  the  coarseness  of  the  charge  of  the  Aremco  B4C,  in  which 
case  the  largest  particles  of  the  charge  were  not  broken  up.  In  order  to  obtain  comminution, 
the  size  ratio  of  the  milling  medium  and  the  largest  particles  of  the  charge  has  to  be  10  or 
more.  Since  this  was  not  the  case  in  experiments  4  and  5,  a  part  of  the  charge  remained  un¬ 
milled. 

The  wear  of  the  agitator  PE  blades  was,  in  general,  surprisingly  small.  Figures  1  and  5 
show  agitators  with  blades  of  PE,  B4C,  stellite,  and  alumina  after  comparable  exposure.  The 
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Table  4 


Daxad,  W.R.  Grace,  Co.,  Lexington,  Mass. 

The  surface  area  after  leaching  in  dilute  H-,S04  dropped  to  23.5  m2/g 
The  surface  area  after  leaching  in  dilute  H,S04  dropped  to  13.5  m2/g 


STl 


Figure  3.  Particle  size  distribution  of  Tetrabor  1200  (1),  Tetrabor  1500  (2),  and  Tetrabor 
1500  milled  8  and  22  h  (3),  (4)  in  the  laboratory  attritor. 


Figure  4.  Particle  size  distribution  of  Tetrabor  1500  (A)  and  Aremco  -200  mesh  (B) 


after  22  h  and  24  h  milling  in  the  attritor.  See  table. 


Figure  5.  Attritor  agitator  of  stellite  (left)  and  liHMW  PE  after  about  50  h  exposure  to 
-20  +*40  mesh  B4C  grit  at  1600  rpm 

wo ar  of  the  PE  blades  is  estimated  to  be  a  factor  of  5  to  50  less  than  that  of  the  other  tested 
materials.  The  wear  was  determined  quantitatively  in  run  no.  2  and  amounted  to  2.1  wt%  of 
the  charge.  This  was  the  sum  of  the  weight  loss  of  the  blades  and  the  lining  as  a  percent  of 
the  weight  of  the  charge  of  the  fines.  It  was  observed,  however,  that  the  wear  depended  on 
other  factors,  especially  on  the  particle  si/e  of  the  charge,  viscosity  of  the  slurry,  temperature, 
the  chemical  nature  of  the  liquid,  and  the  rate  of  spinning.  The  wear  increased  in  runs  4  and 
5  where  a  relatively  coarse  charge  was  used.  It  was  also  larger  in  run  6  compared  to  run  2, 
probably  due  to  the  chemical  effect  of  heptane. 

The  wear  of  the  PH  lining  was  minimal  and  could  not  be  accurately  evaluated  because 
copious  particles  of  B4C  were  embedded  in  the  lining.  It  is  possible  that  the  embedded  parti¬ 
cles  play  a  role  in  the  unexpected  wear  resistance  of  the  plastic  components. 


Analyses  of  the  milled  B4C  showed  pick-up  of  a  few  tenths  of  a  percent  each  of  Si,  Fe, 
and  W.  The  tungsten  was  traced  to  accidental  contamination  that  resulted  from  the  use  of 
the  attritor  for  tungsten  processing  in  another  program.  The  iron  originated  from  the  pre¬ 
ferential  breakup  of  some  undetermined  iron  compound  present  in  the  coarse  B4C  fraction 
used  as  the  milling  medium.  Since  the  compound  was  not  magnetic,  it  could  not  be  re¬ 
moved.  The  source  of  silicon  was  not  positively  identified;  it  may  have  been  from  a  source 
similar  to  the  iron.  The  impurities  were  removed  by  leaching  with  dilute  H2S04  and  HF  from 
the  product. 

In  summary,  the  autogenous  grinding  in  the  modified  attritor  was  by  far  the  most  success¬ 
ful  procedure  for  comminution  of  B4C  to  submicron  dispersions.  The  two  critical  aspects  of 
the  process,  the  wear  and  the  production  of  intermediate  particle  sizes  1-10  by  the  break¬ 
up  of  the  milling  medium,  were  acceptable.  The  contamination  is  certainly  manageable  by  ad¬ 
ditional  improvements. 

D.  Microstructure  Development  in  B4C  Prior  to  Densification 

Compacts  of  fine  boron  carbide  powders  with  composition  close  to  B4C  showed  little  ten¬ 
dency  to  densify  at  firing  temperatures  up  to  2300°C.  Densities  of  60-70%  TD  were  typical. 
The  structure  that  develops  in  this  material  during  firing  is  characterized  by  a  highly  porous, 
interconnected  structure  with  clusters  of  grains  connected  by  small  necks  and  separated  by 
large,  channeled  porosity.  Photomicrographs  of  a  fracture  section  (Figure  6)  and  a  polished 
section  (Figure  7)  show  this  quite  clearly.  Similar  structure  development  has  been  noted  for 
"unsinterable”  powder  compacts  of  silicon  and  silicon  carbide. g 

Compacts  of  B4C  (Figure  8)  and  B4C  +  6  wt%  C  (Figure  9)  fired  at  2000°C  in  an  argon 
atmosphere*  for  30  min  show  strikingly  different  structures  even  though  neither  compact  has 

*  All  firing  was  done  in  an  argon  atmosphere  in  a  graphite  furnace  with  a  30-min  hold  at  temperature 


Figure  6.  SEM  micrograph  of  fracture  surface  of  B4C  fired  at  2250  °C  for  30  min  in 


argon 


Figure  7.  Polished  section  of  B4C  fired  at  2250  °C  for  30  min  in  argon. 


Figure  8.  SEM  micrograph  of  fracture  surface  of  B4C  fired  at  2000  °C  for  30  min  in 


argon 


Figure  9.  SEM  micrograph  of  fracture  surface  of  B4C  +  6  wt%  C  fired  at  2000  °C  for  30 


min  in  argon 


densified  to  any  great  extent  (densities  <  70%  TD).  The  fired  compact  without  carbon  addi¬ 
tion  has  a  structure  similar  to  that  in  Fig.  6;  the  only  difference  is  that  the  pore-grain  struc¬ 
ture  is  about  two  times  finer  in  scale.  It  is  apparent  that  significant  surface-to-surface  mass 
transport  has  occurred,  resulting  in  pore  growth  and  rounding  of  the  grains. 

The  sample  with  6  wt%  carbon  exhibits  a  finer  structure  with  edged  grains  and  a  consider¬ 
ably  smaller  pore  size  to  grain  size  ratio.  In  many  instances,  the  particles  have  sintered  to¬ 
gether  into  blocks,  indicating  that  substantial  neck  growth  has  occurred  between  particles. 

The  carbon  addition  has  inhibited  the  surface-to-surface  mass  transport  mechanism  responsi¬ 
ble  for  pore  growth  and  rounding  of  grains.  Upon  firing  at  a  higher  temperature,  this  materi¬ 
al  will  undergo  substantial  densification,  in  contrast  to  the  B 4C  with  no  carbon  addition,  which 
will  experience  only  limited  densification. 

Figures  10  and  1 1  compare  an  as-pressed  compact  of  undoped  B4C  and  one  fired  at  1500 
°C  for  30  min.  Obviously,  the  pore  growth  and  grain  morphological  changes  are  active  even 
at  1500  °C.  The  pressed  compact  consists  of  very  fine  pores  and  has  a  broad  distribution  of 
particle  sizes.  After  firing  at  1500  °C,  the  pores  have  grown  and  many  of  the  finer  particles 
have  disappeared  In  B4C  with  or  without  carbon  additions  the  finer  particles  are  eliminated 
during  firing  at  elevated  temperatures.  This  is  attended  by  pore  growth  in  undoped  B4C  and 
by  particle  neck  growth  in  carbon-doped  B4C. 

To  characterize  this  structure  development,  surface  area  and  pore  size  (porosimetry)  anal¬ 
yses  were  used  to  determine  the  course  of  events  in  B4C  compacts  prior  to  any  densification. 
Results  are  listed  in  Table  5.  A  large  (50%)  decrease  in  surface  area  may  be  realized  at  1250 
°C,  well  below  the  temperature  range  where  any  densification  proceeds.  The  surface  area  de¬ 
creases  with  increasing  temperature,  regardless  of  any  carbon  addition,  and  correlates  well 
with  the  pore  growth  in  the  undoped  B4C.  The  major  effect  of  the  carbon  addition  is  illustrat- 


Table  5 


SURFACE  AREA  AND  POROSIMETRY  ANALYSIS  FOR  B4C  COMPACTS 
ANNEALED  AT  VARIOUS  TEMPERATURES 


Composition 


b4c 

B4C 

+  6  wt%C 

Anneal 

Temperature 

(°C) 

Surface 

Area 

(m:/g) 

Median 
Pore  Size 
(/^m) 

Surface 

Area 

(m-7g) 

Median 
Pore  Size 
(Mm) 

initial 

12 

0.14 

12 

- 

1250 

6 

- 

- 

- 

1500 

3.4 

0.36 

5.3 

- 

1750 

2.8 

0.47 

4.7 

- 

2000 

1.4 

0.77 

3.3 

0.24 

2250 

- 

1.39 

(compact  densifies) 

ed  by  the  pore  size  measurement  for  the  compacts  annealed  at  2000  °C.  The  compact  with 
the  carbon  addition  has  a  median  pore  size  three  times  finer  than  its  counterpart  with  no  car¬ 
bon  addition,  and,  likewise,  the  surface  areas  are  different.  At  all  of  the  annealing  tempera¬ 
tures,  the  surface  area  for  carbon-doped  material  is  higher  than  that  for  undoped  material,  in¬ 
dicating  that  carbon  is  inhibiting  the  surface-to-surface  mass  transport  which  yields  surface 
area  loss  and  pore  growth.  This  leads  to  the  conclusion  that  the  carbon  addition  plays  an  im¬ 
portant  role  in  microstructure  development  prior  to  densification  and  has  a  profound  effect  on 
the  eventual  sinterability  of  the  material. 

To  fully  understand  the  mechanistic  role  of  carbon  in  this  system,  considerably  more 
study  is  required.  However,  it  can  be  surmised  that  oxygen  may  contribute  strongly  to  mi¬ 
crostructure  development  in  B4C  since  it  is  present  in  both  the  starting  material  and  the  firing 
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atmosphere  (argon  with  =  10  ppm  O?).  Oxides  of  boron  (B2O3  and  BO)  can  form,  and  these 
have  sufficiently  high  vapor  pressures  (>  10~6  atm)  above  1250  °C  to  possibly  contribute  to 
the  surface-to-surface  transport,  leading  to  the  observed  microstructural  changes  in  undoped 
B4C.  Excess  free  carbon  in  B4C  will  react  with  the  oxygen,  and  thus  the  role  of  carbon  may 
simply  be  to  remove  oxygen  or  to  limit  its  activity. 

This  assumption  was  tested  by  annealing  compacts  of  undoped  B4C  at  1500  °C  in  closed 
graphite  crucibles  in  atmospheres  of  different  oxygen  content.  A  low  oxygen  content  atmo¬ 
sphere  was  induced  by  inserting  a  strong  oxygen  getterer  (yttrium  carbide.  YC\)  in  the  cruci¬ 
ble  but  not  in  contact  with  the  compact.  Similarly,  a  high  oxygen  content  atmosphere  was 
provided  by  adding  boric  oxide  to  the  crucible.  Surface  area  and  pore  si/e  results  for  the  an¬ 
nealed  compacts  are  given  in  Table  6.  Obviously  the  presence  of  oxygen  enhances  pore 
growth  and  surface  area  reduction. 

A  further  experiment  was  conducted  where  compacts  of  B4C  and  B4C  with  6  wt%  carbon 
were  annealed  at  1500  and  1750  °C  and  the  oxygen  content  of  the  annealed  compacts  was 
determined.  Results  are  listed  in  Table  7.  Much  of  the  oxygen  is  removed  simply  by  anneal- 

Table  6 

SURFACE  AREA  AND  POROSIMETRY  ANALYSIS  FOR  B4C  COMPACTS 
WITH  VARYING  ATMOSPHERIC  OXYGEN  CONTACT 

Compacts  annealed  in  flowing  argon  for  30  min  at  1500  °C 

Atmospheric  Surface  Area  Median  Pore 
Control  Addition  (m2/g)  Size  (^m) 


Table  7 


OXYGEN  CONTENT  OF  B4C  COMPACTS  ANNEALED  AT 
1500  °C  OR  1750  °C  FOR  30  MINUTES  IN  ARGON 


Anneal 

Composition  Temperature  (°C) 

wt%  Oxygen 

B4C 

initial 

1.15 

b4c 

1500 

0.43 

b4c 

1750 

0.40 

B4C  +  6  wt'/n  c 

1500 

0.39 

B4C  +  6  wt%  C 

1750 

0.20 

ing  at  these  temperatures,  but  with  added  carbon  the  oxygen  content  in  the  B4C  compact  is 
lower  relative  to  that  in  the  undoped  compact. 

It  appears  to  be  a  reasonable  assumption  that  oxygen  is  an  active  species  in  B4C  at  elevat¬ 
ed  temperatures  and  contributes  to  microstructural  development  in  “unsinterable”  compacts 
of  B4C.  Further,  it  appears  that  carbon  intimately  mixed  with  the  B4C  inhibits  this  process  by 
removing  or  deactivating  the  oxygen  in  the  vicinity  of  B4C  particle  surfaces. 

From  the  results  discussed  in  this  section,  a  reasonable  outline  of  the  sintering  process  in 
B4C  can  be  defined.  In  the  absence  of  excess  carbon,  a  B4C  compact  when  fired  undergoes 
significant  surface-to-surface  mass  transport,  which  produces  growth  of  pores  and  rounding 
of  particles.  This  occurs  at  fairly  low  temperatures  1500  °C)  and  coincides  with  large 
reductions  in  surface  area.  Oxygen  present  in  the  B4C  or  in  the  firing  atmosphere  facilitates 
this  process,  possibly  through  the  formation  of  volatile  oxides  of  boron.  As  a  sufficiently 
high  temperature  for  densification  is  approached  (>  2000  °C)  the  microstructure  consists  of 
interconnected  grains  surrounded  by  channeled  porosity,  and  this  structure  persists  while  very 
little  densification  occurs  at  temperatures  up  to  2300  °C. 
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With  appropriate  carbon  additions,  a  B4C  compact  undergoes  surface  area  reduction  at 
elevated  temperatures,  but  substantially  less  pore  growth  and  more  particle-particle  neck 


growth  occur.  The  carbon  prevents  significant  pore  growth  and  particle  rounding  by  inhibiting 
the  surface-to-surface  mass  transport  active  in  undoped  B4C.  Most  likely  carbon  achieves  this 
by  suppressing  the  activity  of  oxygen  in  the  system.  At  the  sintering  temperature,  B4C  com¬ 
pacts  with  this  structural  development  readily  densify. 

The  pore  growth  process  is  perhaps  the  critical  feature  influencing  the  sinterability  of  B4C. 
The  basis  for  this  conclusion  lies  in  the  arguments  presented  by  Kingery  and  Francois10  and 
later  by  Prochazka11  in  his  study  of  sintering  silicon  carbide.  Briefly,  it  is  predicted  that  if  the 
grain  size  to  pore  size  ratio  in  a  sintering  compact  is  small  enough  (i.e.,  pores  are  large),  then 
pores  may  become  thermodynamically  stable  and  will  tend  not  to  shrink  during  firing;  hence, 
densification  ceases.  The  dihedral  angle  formed  by  the  pore-grain  boundary  junction  is  im¬ 
portant,  and  pore  stability  is  favored  by  a  small  dihedral  angle.  From  TEM  micrographs  (such 
as  Figure  12)  it  was  observed  that  the  dihedral  angle  in  B4C,  while  not  constant,  tended  to  be 
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Figure  12. 


TEM  micrograph  of  residual  pore  in  B4C  fired  at  2250  °C 


^  90°.  This  is  comparable  to  the  dihedral  angle  observed  in  uranium  dioxide10  and  silicon 
carbide,12  which  are  difficult  to  sinter  without  appropriate  sintering  aids  or  conditions.  In  a 
readily  sinterable  ceramic  material,  such  as  aluminum  oxide,  the  dihedral  angle  is  typically 
well  above  100°. 10  The  presence  of  very  faceted  pores  (that  is,  pores  with  nearly  flat  sur¬ 
faces)  in  fired  B4C  was  a  good  indication  that  pore  stability  had  been  achieved.  This  was  also 
true  for  residual  pores  in  sintered  carbon  doped  B4C.  The  kinetics  of  the  pore  growth  process 
may  thus  lead  to  a  condition  of  pore  stability.  In  undoped  B4C,  grain  growth  is  much  less 
than  pore  growth,  so  that  a  small  grain  size  to  pore  size  ratio  results  which  favors  pore  stabili¬ 
ty  and  not  densification.  The  effectiveness  of  carbon  as  a  sintering  aid  is  manifested  by  its 
ability  to  inhibit  the  pore  growth,  thereby  producing  a  microstructure  with  a  relatively  high 
grain  size  to  pore  size  ratio  (fine  pores),  which  is  conducive  to  densification.  The  carbon  may 
also  contribute  to  densification  kinetics  in  other  ways  at  the  sintering  temperature,  but  this 
could  not  be  readily  determined  in  this  study. 

E.  Sintering  Results  for  B4C-C  Compositions 

To  fully  characterize  the  sintering  of  the  carbon-doped  B4C,  it  was  necessary  to  examine  a 
number  of  parameters.  These  are  listed  below  and  each  is  considered  separately. 

1.  Method  of  carbon  addition 

2.  Compaction  pressure 

3.  Particle  size  and  surface  area  of  starting  powder 

4.  Amount  of  carbon  addition 

5.  Firing  temperature 


6.  Impurities 


The  standard  sintering  process  for  B4C  was  as  follows.  Powder  compacts  were  die-pressed 
and  then  placed  in  closed  graphite  crucibles.  Firing  was  carried  out  in  a  graphite  resistance 
element  furnace  with  a  flowing  argon  atmosphere  (0.5  l/min).  The  temperature  was  raised  at 
an  approximate  rate  of  25°C  per  minute  to  the  peak  temperature,  which  was  maintained  for 
30  min.  Occasionally,  compacts  were  fired  without  crucible  containment,  with  no  effect  on 
the  results.  The  sintering  temperatures  given  are  +  /-  5  °C  unless  a  temperature  range  is 
specified.  Temperature  was  measured  with  an  optical  pyrometer  sighting  directly  on  the  cruci¬ 
ble  or  compact. 

1.  Method  of  carbon  addition 

The  procedure  for  preparing  powders  for  sintering  followed  a  fairly  standard  format. 
However,  the  form  of  the  carbon  addition  to  the  B4C  powder  was  critical  to  the  eventual  sin¬ 
tered  density.  The  addition  was  made  in  one  of  several  forms: 

a.  A  thermoset  resin*  in  a  solution  with  methanol. 

b.  The  thermoset  resin  as  an  emulsion  in  a  mixture  of  water  and  methanol. 

c.  Monarch  carbon  (surface  area  =  100  m2/g). 

d.  Sterling  carbon  (surface  area  =  10  m2/g). 

e.  Graphite  powder  (—325  mesh) 

In  each  case,  the  additions  were  wet  mixed  with  the  B4C  powder  as  a  slurry  with  methanol 
on  a  vibratory  mill  for  30  min,  then  dried  and  screened  through  a  40-mesh  sieve.  In  resin 
based  compositions,  the  resin  was  sufficient  as  a  pressing  binder.  The  other  compositions  re¬ 
quired  the  addition  of  4  wt%  carbowax  as  a  pressing  binder. 


*  Either  Novolac  31720.  Dure£.  Tonowanda.  NY.  or  Resin  6877.  Schenectady  Chemicals.  Schenectady.  NY 
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In  principle,  the  addition  of  the  resin  was  the  most  attractive  form  of  carbon  since  it  acted 
initially  as  a  binder  and  during  firing  decomposed  to  50%  by  weight  carbon.  When  added  as  a 
solution,  the  resin  should  mix  intimately  with  and  coat  B4C  powder  particles.  A  major  draw¬ 
back,  however,  was  that  during  drying  some  of  the  resin  segregated  as  the  solvent  was  re¬ 
moved,  producing  hard,  gritty  agglomerates  in  the  powder.  These  agglomerates  had  serious 
implications  on  the  fracture  strength  of  sintered  B4C  as  is  discussed  later.  The  other  forms  of 
carbon  addition,  including  the  resin-  emulsion,  produced  finely  divided  powders. 

Two  variations  of  the  resin-solution  powder  were  investigated  as  means  to  eliminate  the 
agglomerates.  The  first  involved  “charring”  the  powder  at  400  °C  in  argon  to  decompose  the 
resin  to  carbon  powder.  The  second  involved  a  wet-milling  step  to  break  up  the  agglomerates 
and  redistribute  the  segregated  resin.  This  was  accomplished  by  vibro-milling  the  powder  in  a 
polyethylene  bottle  with  heptane  and  teflon-coated  stirring  bars  for  10  to  18  h.  Other  milling 
media,  such  as  tungsten  carbide,  were  not  used  so  as  to  avoid  contamination  of  the  B4C. 

Since  the  resin  was  insoluble  in  heptane,  segregations  of  resin  did  not  re-occur  upon  drying  of 
the  milled  powder,  and  a  finely  divided  material  was  obtained. 

Compacts  of  the  various  powders  were  die-pressed  and  then  sintered  at  2220-2230  °C  to 
determine  the  effect  of  the  carbon  addition  technique.  In  some  cases  the  dried  powders  were 
ground  with  a  mortar  and  pestle  and  screened  through  progressively  finer  mesh  sieves  prior 
to  pressing.  Different  compaction  pressures  were  also  employed.  All  compositions  were 
B4C  4-  6  wt%  carbon. 

Representative  sintered  density  values  are  given  in  Table  8  for  the  different  powders. 
Consistent  sintered  densities  greater  than  95%  TD  were  obtained  only  for  compacts  of  powder 
with  the  resin-solution  addition.  Results  for  the  other  powders  were  generally  inconsistent, 
but  typically  the  sintered  density  was  less  than  95%.  The  charred  powder  also  gave  incon¬ 
sistent  results,  but  densities  above  95%  were  possible.  Screening  any  of  the  powders  through 


Additive  Type 

(mesh  size) 

Compaction 

(MPa) 

Sintered 

(g/cm)* 

%TD 

monarch  carbon 

-40 

370 

2.21 

88.1 

monarch  carbon 

-40 

620 

2.25 

89.7 

monarch  carbon 

-325 

620 

2.35 

93.9 

monarch  carbon 

-325 

830 

2.37 

94.8 

sterling  carbon 

-150 

370 

2.26 

90.4 

sterling  carbon 

-325 

370 

2.34 

93.4 

graphite 

-150 

370 

2.22 

88.7 

graphite 

-150 

620 

2.26 

90.4 

resin  emulsion 

-400 

370 

2.35 

93.9 

resin  emulsion 

-400 

370 

2.37 

94.8 

charred  resin 

-40 

370 

2.38 

94.9 

charred  resin 

-40 

370 

2.42 

96.5 

resin  solution 

-40 

370 

2.42 

96.6 

resin  solution 

-150 

370 

2.44 

97.3 

resin  solution 

-150 

370 

2.44 

97.4 

resin  solution 

-325 

370 

2.45 

97  7 

resin  solution 


wet  milled 


370 


2.46 


98.2 


the  finer  mesh  sieves  or  using  higher  compaction  pressures  tended  to  improve  sintered  den¬ 
sity.  The  best  densities  were  obtained  from  resin-solution  powders  that  had  been  wet  milled 
in  heptane  prior  to  compaction. 

The  most  likely  reason  for  the  variation  in  sintered  density  lies  with  the  degree  of  carbon 
distribution  in  the  B4C  powder.  The  most  complete  distribution  would  be  expected  with  the 
resin-solution  addition  where  the  resin  could  coat  B4C  particles.  This  is  indicated  by  the 
higher  sintered  densities  for  this  powder.  The  other  powders  relied  on  particle-particle  mix¬ 
ing,  which  apparently  is  less  complete  and  leads  to  lower  and  more  inconsistent  sintered  den¬ 
sity.  Graphite  additions  generally  produced  the  lowest  sintered  density,  suggesting  that  the 
type  of  carbon  (crystalline  graphite  vs.  amorphous  carbon)  may  also  be  an  important  factor. 
The  fact  that  the  “charred”  powder  yielded  intermediate  results  indicates  that  some  of  the 
benefit  of  the  resin-solution  addition  is  lost  if  the  resin  is  decomposed  prior  to  compaction. 

Grinding  and  screening  the  powders  to  finer  mesh  sizes  usually  improved  sintered  density 
for  all  the  powders,  but  was  generally  most  effective  for  powders  which  otherwise  would  not 
densify  well.  This  process  probably  improves  the  carbon  distribution  and  removes  the  ag¬ 
glomerates  in  the  resin-solution  powder,  thereby  improving  the  densification  behavior.  The 
best  sintered  densities  were  obtained  with  resin-solution  powders  that  were  milled  in  heptane 
to  remove  agglomerates  and  redistribute  segregated  resin.  Thus  the  optimum  powder 
preparation  involved  adding  carbon  as  a  resin  solution  and  subsequently  milling  several  hours 
in  heptane  prior  to  compaction.  This  process  was  used  for  preparing  powders  for  most  of  the 
further  sintering  experiments. 

2.  Compaction  pressure 

The  effect  of  compaction  pressure  on  sintered  density  was  evaluated  in  two  separate  exper¬ 
iments.  In  the  first,  powder  with  the  resin-solution  addition  of  composition  B4C  4-  6  wt% 
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carbon  was  pressed  in  a  3/8  in.  diameter  steel  die  at  various  loads.  The  compacts  were  sin¬ 
tered  at  2220-2230  °C.  In  the  second  experiment  the  same  powder  composition  was 
“charred-'  at  400  °C  in  argon  and  compacts  pressed  at  various  loads  and  sintered  as  above. 
The  sintering  results  are  given  in  Table  9. 


Table  9 

EFFECT  OF  COMPACTION  PRESSURE  ON  SINTERED  DENSITY 


Powder:  B4C  +  6  wt%  C  (resin-solution  addition)  with  no  wet  milling. 
Sintered  in  argon  at  2220-2230  °C  for  30  min 


Compaction 

Sintered 

Pressure  (MPa) 

Density  (g/cm’)  %  TD 

V 

Powder:  same  as  above  except  powder  “charred”  at  400  °C 

prior  to  compaction. 

in  argon 

-  J 

Compaction 

Green 

Sintered 

Pressure  (MPa) 

Density  (g/cnv) 

Density  (g/cm:) 

%  TD 

185 

1.15 

2.18 

87.1 

*  .*1 

...  i 

370 

1.24 

2.24 

89.6 

■-..1 

620 

1.29 

2.29 

91.6 

930 

1.37 

2.33 

93.2 

",  « 

It  is  obvious  from  the  data  that  increasing  compaction  pressure  increases  the  sintered  den¬ 
sity.  This  effect  introduced  an  additional  variable  to  the  sintering  experiments.  To  normalize, 
later  compacts  were  conventionally  pressed  at  a  4500  kg  load  in  the  3/8  in.  die  (620  MPa). 
This  was  a  preferred  choice  for  compaction  pressure  since  the  sintered  density  for  resin- 
solution  powders  appears  to  maximize  above  the  370  MPa  pressure  level.  Typically,  the  green 
density  of  compacts  pressed  at  370  MPa  or  higher  was  1.42  g/crrr  (56%  TD  referred  to 
theoretical  density  of  B4C  =  2.52)  with  the  correction  made  to  eliminate  the  mass  of  the  add¬ 
ed  resin.  The  influence  of  compaction  pressure  may  also  have  contributed  to  the  inconsisten¬ 
cies  and  certainly  to  the  improvements  in  sintered  density  for  powders  with  the  carbon  or  gra¬ 
phite  powder  additions. 

The  improvement  in  sintered  density  is  probably  due  to  the  formation  of  more  particle- 
particle  contacts  as  the  packing  efficiency  improves  with  increasing  compaction  pressure.  Con¬ 
sequently,  the  population  of  large  pores  and  the  overall  average  pore  size  may  be  decreased. 
Sufficiently  large  pores  initially  present  in  the  powder  compact  may  become  stable  by  the 
means  discussed  earlier  and  remain  as  residual  porosity  in  the  sintered  compact.  Their  elimi¬ 
nation  allows  higher  sintered  density  to  be  obtained. 

3.  Particle  size  and  specific  surface  area 

It  is  common  in  ceramic  systems  that  as  the  average  particle  size  of  a  given  powder  de¬ 
creases  (and  consequently  its  specific  surface  area  increases),  the  sinterability  of  the  powder 
increases.  In  other  words,  a  higher  sintered  density  may  be  obtained  for  a  given  firing  tem¬ 
perature  or  a  given  density  may  be  obtained  at  a  lower  firing  temperature  for  a  finer  powder. 
There  will  inevitably  be  an  upper  limit  on  pc '‘tide  size  where  appreciable  sintering  will  not  oc¬ 
cur.  It  was  of  interest  to  determine  what  particle  size  was  required  for  sintering  B4C  and  to 
what  extent,  if  any,  further  particle  size  reduction  would  benefit  the  sintering  process. 


Since  the  B4C  powders  contain  a  distribution  of'  particle  sizes,  the  specific  surface  area  of 
the  powders  was  utilized  as  a  measure  of  the  degree  of  powder  fineness.  For  the  experiments 
the  available  ESK  B4C  powders  were  used,  as  they  had  essentially  the  same  composition. 

They  were  Grade  1200  (surface  area  =  2.1  rrr/g).  Grade  1500  (surface  area  =  12  m2/g)  and 
the  sedimented  fine  fraction  of  Grade  1500  (surface  area  =  20.6  m2/g).  To  powder  6 
wt%  carbon  was  added  in  the  form  of  the  resin  solution,  followed  by  wet  milling  in  heptane. 
Compacts  were  die-pressed  and  sintered  at  temperatures  between  2100  and  2250  °C.  The  sin¬ 
tered  density  results  are  shown  in  Table  10. 

The  low  surface  area  powder  (Grade  1200)  exhibited  no  significant  densification.  Previ¬ 
ously  it  was  found  that  a  surface  area  of  =  8  nr/g  was  sufficient  for  densification  to  95% 

TD  In  addition,  Schwetz  and  Grellner2  found  that  a  B4C  powder  with  a  surface  area  of  5.2 
m'/g  was  marginal.  Thus,  it  is  apparent  that  some  minimum  surface  area  near  8  m2/g  is 
needed  to  accommodate  densification  in  carbon  doped  B4C  to  95%  TD. 

The  highest  surface  area  B4C  (sedimented  powder)  yielded  sintered  densities  moderately 
better  than  the  Grade  1500  at  firing  temperatures  up  to  2200  °C.  At  2250  °C,  the  two 
powders  arrive  at  approximately  the  same  density.  The  benefit  of  increased  surface  area  does 
not  appear  to  be  great;  in  fact,  the  powder  processing  may  be  a  more  important  factor.  As 
shown  in  Table  10  for  the  Grade  1500,  increasing  the  duration  of  the  wet-milling  step  im¬ 
proves  the  sintered  density  so  that  it  approaches  the  values  achieved  with  the  sedimented 
powder. 

4.  Amount  of  carbon  addition 

B4C  powder  compacts  without  added  carbon  would  not  densify  beyond  70%  TD.  Only  the 
attrition-milled  Norton  B4C  which  contained  much  excess  carbon  showed  appreciable 
densification.  However,  this  excess  carbon  was  in  the  form  of  graphite,  a  marginal  sintering 


Powder 


Surface  Sintering  Sintered  Sintered 

Area  Temperature  Density 

(m2/g  °C  (g/cm2)  %TD 


powders.  Compacts  were  die-pressed  at  620  MPa  and  fired  by  the  standard  sintering  pro¬ 
cedure  outlined  previously.  The  sintered  density  results  are  displayed  graphically  in  Figure 
13.  The  plotted  data  corresponds  to  typical  values;  the  densities  generally  would  vary  by 
+  /-1%  of  TD  for  repeated  sintering  runs  or  by  +/-2%  for  different  powder  batches  of  the 
same  composition  and  processing. 

The  maximum  sintered  density  at  each  temperature  occurred  for  compositions  with  5-6 
wt%  added  carbon.  The  density  values  fall  off  very  quickly  for  lower  carbon  additions  but  are 
not  much  affected  by  larger  additions.  In  fact,  at  the  higher  firing  temperatures  the  density 
tends  to  level  off  for  compositions  with  4  to  12  wt%  added  carbon.  The  attrition-milled  Nor¬ 
ton  and  Aremco  powders  also  sintered  well  with  total  excess  carbon  of  ^  6  wt%.  These 


Figure  13 
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latter  materials  yielded  best  densities  of  96%  TD.  Sintered  density  results  for  these  powders 
and  the  attrition-milled  ESK  Grade  1500  are  listed  in  Table  11. 

Post-sintering  analysis  of  these  compositions  showed  that  graphite  was  present  as  a  second 
phase  at  a  level  corresponding  to  the  particular  amount  of  carbon  addition  and  that  the  con¬ 
tent  of  the  major  impurities  (Ti  and  Si)  was  unchanged  by  the  firing  process.  The  lattice  pa¬ 
rameters  (by  XRD)  of  the  sintered  B4C  were  slightly  decreased  relative  to  the  starting 
powder,  indicating  that  a  small  amount  of  carbon  had  been  dissolved.3  Analysis  for  total 
boron  and  carbon  of  fired  compacts  of  B4C  with  and  without  added  carbon  revealed  that  the 
solubility  was  less  than  1  wt%  carbon  and  that  most  of  the  added  carbon  was  in  the  form  of 
second-phase  graphite.  More  of  the  carbon  may  be  in  solution  at  the  sintering  temperature, 
but  after  cooling  the  composition  is  near  B4C. 

5.  Firing  temperature 

In  Figure  13,  it  can  be  seen  that  at  the  5-6  wt%  carbon  addition  level,  sintered  densities 
are  ^  97%  TD  when  sintered  at  2220-2230  °C.  Higher  temperatures  add  1  to  2%  more  densi¬ 
ty.  When  fired  at  2000  °C,  these  compositions  show  little  densification  so  that  sintering  oc¬ 
curs  almost  completely  above  2000  °C,  achieving  a  density  above  90%  at  2160-2170  °C.  The 
sintering  temperature  for  B4C  is  about  100  to  200  °C  above  that  needed  to  hot-press  B4C 
dense1314  and  roughly  150  °C  higher  than  the  sintering  temperature  for  boron-doped  SiC." 

Of  particular  interest  are  the  2  and  3  wt%  carbon  compositions,  which  show  remarkable 
gains  in  sintered  density  when  the  sintering  temperature  is  increased  from  2160-2170  °C  to 
2260-2270  °C.  Obviously  these  compositions  are  sinterable,  but  only  at  the  highest  tempera¬ 
tures.  The  reason  for  this  is  related  to  the  microstructure  development  in  these  composi¬ 
tions  during  sintering  and  will  be  treated  in  the  “Microsuuwiure  Development  in  Sintered 
B4C”  section. 
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Table  11 

SINTERED  DENSITIES  FOR  ATTRITION-MILLED  POWDERS 


Powder 

wt%  C 
Addition 

Sintering 

Temperature 

(°C) 

Sintered 

Density 

(g/cm2) 

%TD 

Norton* 

0 

2150 

2.11 

84.1 

3.5 

2150 

2.28 

91.5 

10 

2150 

2.21 

89.2 

3.5 

2200 

2.39 

95.6 

10 

2200 

2.32 

93.5 

0 

2250 

2.32 

92.7 

3.5 

2250 

2.38 

95.5 

10 

2250 

2.36 

95.2 

Aremco* 

0 

2250 

1.93 

76.6 

6 

2100 

2.28 

91.1 

6 

2150 

2.35 

93.9 

6 

2200 

2.40 

95.7 

6 

2250 

2.39 

95.4 

ESK 

0 

2250 

1.81 

71.7 

6 

2100 

2.34 

93.4 

6 

2150 

2.45 

97.8 

6 

2200 

2.47 

98.7 

6 

2250 

2.47 

98.7 

♦The  Norton  B4C  contained  5.2  wt%  C  prior  to  the  listed  carbon  additions;  the  Aremco  B4C 
had  0.9  wt%  C  V2.0 
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6.  Impurities 


The  common  impurities  in  the  B4C  powders  are  listed  in  Table  2.  Since  these  impurities 
could  not  be  completely  removed,  an  attempt  was  made  to  determine  their  effect  on  the 
sintering  process.  The  attrition-milled  Norton  and  Aremco  powders  contained  some  free  car¬ 
bon  and  its  effect  has  been  characterized.  Oxygen,  a  major  impurity  that  plays  an  important 
role  in  the  sintering  process,  was  discussed  earlier.  The  metallic  impurities  were  of  some  con¬ 
cern  as  earlier  investigations1'1617  claimed  some  of  these  (Fe,  Ti,  Si  and  Al)  to  be  sintering 
aids  for  B4C.  In  this  study,  attempts  were  made  to  sinter  B4C  with  additions  of  1  wt%  of  Fe, 
Si,  Ti,  Al  as  well  as  elemental  boron,  but  none  of  these  promoted  significant  densification. 

To  determine  the  impurity  effects  on  carbon-doped  B4C  a  set  of  compositions  were 
prepared,  comprised  of  a  base  composition  of  B4C  +  6  wt%  carbon  and  one  of  each  of  the 
following  additives:  1  wt%  Si,  1/2  and  1  wt%  Al,  2  wt%  Ti,  and  1  wt%  Fe203).  Pressed  com¬ 
pacts  of  each  composition  were  fired  at  2160  and  2200  °C.  Sintered  density  results  are  given 
in  Table  12.  At  2200  °C,  the  impurities  do  not  increase  the  density,  but  at  2160  °C  Si  and  Al 
do  enhance  the  sintered  density  by  1  to  2%. 

Parallel  sintering  experiments  with  powder  mixtures  of  B4C  and  SiC  also  showed  that  Si 
enhances  the  sinterability  of  B4C.  A  composition  of  70  wt%  B4C  and  30  wt%  SiC  sintered  to 
90%  TD  at  2225  °C  with  no  carbon  addition  while  the  same  composition  with  3  wt%  added 
carbon  went  to  99%  TD  at  2200  °C.  B4C  +  6  wt%  carbon  with  SiC  additions  of  5  to  30  wt% 
SiC  typically  sintered  to  95%  TD  at  2150  °C.  Adding  Si  as  Si02  had  similar  effects  on  the 
sinterability,  but  was  less  satisfactory  as  the  Si02  and  carbon  would  react  and  generate  CO 
gas,  which  would  produce  large  pores  in  the  sintered  material. 

The  mechanism  by  which  Si  (or  Al)  enhances  sintering  in  B4C  is  unknown  but  may  be  re¬ 
lated  either  to  the  formation  of  a  liquid  phase  or  to  lattice  defects  (as  the  impurities  dissolve 


Table  12 

IMPURITY  EFFECTS  ON  SINTERED  DENSITY 


Base  Composition:  B4C  +  6  wt%  C 
Sintered  in  argon  for  30  min 


Additive 

Sintering 

Temperature 

(°C) 

Sintered 

Density 

(g/cm3) 

%TD 

none 

2160 

2.35 

93.8 

1/2  wt%  Ai 

2160 

2.39 

95.5 

1  wt%  AI 

2160 

2.37 

94.8 

1  wt%  Si 

2160 

2.40 

95.8 

2  wt%  Ti 

2160 

2.29 

91.5 

none 

2200 

2.43 

96.9 

1  wt%  AI 

2200 

2.37 

94.8 

1  wt%  Si 

2200 

2.41 

96.4 

1  wt%  Fe 

2200 

2.41 

96.4 

2  wt%  Ti 

2200 

2.40 

95.8 

in  the  B4C),  the  presence  of  which  promotes  the  diffusion  kinetics  applicable  to  densification. 
Certainly  the  levels  of  these  impurities  in  the  starting  powders  is  insufficient  to  provide  any 
significant  densification  in  B4C  without  carbon  additions. 

F.  Microstructure  Development  in  Sintered  B4C 

The  microstructure  development  of  sintered  carbon-doped  B4C  was  sensitive  to  several 
factors:  sintering  temperature,  time  at  temperature,  wt%  carbon  addition  and  its  distribution, 
and  impurity  content.  Selected  sintered  compacts  were  diamond  polished  and  then  electrolyti- 
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cally  etched  with  an  aqueous  solution  of  KOH  —  K^Fe(CN)h  (Murakami's  reagent)  to  reveal 
the  microstructure. 

For  the  optimum  composition  of  B4C  (ESK  Grade  1500)  +  6  wt%  C,  a  microstructure 
composed  of  fine,  equiaxed  grains  ranging  in  size  from  1-5  ^m  is  obtained  upon  firing  at 
2220-2230  °C  to  97%  TD  (Figure  14).  Abnormal  grain  growth  begins  for  this  composition 
during  sintering  above  2235  °C  by  the  formation  of  individual  or  clustered  grains  of  10  to  30 
/j.m  size  (Figure  15).  At  ^  2250  °C,  the  structure  coarsens  considerably  and  develops  large 
grains  which  exhibit  extensive  growth  twinning  (Figure  16).  Depending  on  the  exposure, 
remnant  patches  of  fine  grains  may  be  occasionally  observed  in  this  coarse-grained  micro¬ 
structure. 

As  shown  in  the  previous  section,  increased  densification  may  be  realized  by  sintering  at 
the  higher  temperatures.  However,  the  auending  grain  growth  is  highly  detrimental  to  frac¬ 
ture  strength.1  Additionally,  for  grain  sizes  =  100  /xvn  transgranular  microcracking  is  evident 
(Figure  17),  a  condition  that  may  also  contribute  to  reduced  strength.  The  microcracking  is 
not  an  unexpected  phenomenon  since  the  thermal  expansion  of  the  B4C  crystal  is  anisotropic, 
a  situation  that  contributes  to  microcracking  in  other  ceramic  systems.18  19  To  determine  the 
degree  of  anisotropy  the  change  in  the  hexagonal  lattice  parameters  (a„,  c0)  of  B4C  were  mea¬ 
sured  as  a  function  of  temperature  up  to  600  °C.  The  resulting  thermal  expansion  coefficients 
are  (per  °C): 

a„  =  5.29  x  10~6 
c0  =  6.25  x  10~h 

The  t  .pansion  anisotropy  arises  from  the  difference  between  the  expansions  in  the  directions 
of  the  lattice  parameters.  It  is  sufficient  to  induce  stresses  between  B4C  grains  and  conse¬ 
quently  microcracking  on  cooling  from  the  sintering  temperature  (see  Appendix  II). 


Figure  15.  Polished  and  etched  section  of  B4C  +  6  wt%  C  sintered  at  2240  °C  for  30 


min  in  argon 


The  microstructure  development  in  the  composition  B4C  +  2  wt%  C  reveals  an  interest¬ 
ing  relationship  between  densification  and  grain  growth.  When  sintered  at  temperatures 
below  2200  °C,  this  composition  densities  to  no  more  than  80%  TD  and  the  grain  size  is  no 
more  than  5  /xm.  As  the  sintering  temperature  is  increased  to  above  2200  °C,  significant 
grain  growth  occurs  and  the  density  increases,  reaching  92%  at  2260-2270  °C.  Figures  18  and 
19  illustrate  this  change  in  microstructure.  The  indication  is  that  grain  growth  may  make  a 
major  contribution  to  densification  in  compositions  that  are  only  marginally  sinterable.  This 
density  increase  is  possibly  related  to  the  pore  stability  criterion  discussed  earlier.  In  composi¬ 
tions  with  low  carbon  addition,  the  pores  may  grow  to  some  extent  and  become  stable.  When 
significant  grain  growth  occurs  at  the  higher  temperatures,  the  grain  size  to  pore  size  ratio  in¬ 
creases  and  the  pores  become  unstable  and  shrink,  thus  providing  further  densification. 

The  carbon  added  to  B4C  appeared  as  graphite  particles  in  the  sintered  microstructure. 
Generally  these  were  not  visible  in  polished  sections  since  the  polishing  process  lends  to  re¬ 
move  them;  however,  with  careful  slow  lapping,  the  graphite  could  be  revealed.  Figures  20 
and  21  show  the  graphite  in  the  microstructure  of  fine-  and  coarse-grained  structures,  respec¬ 
tively.  The  graphite  particles  appear  as  the  bright  phase  with  light  microscopy  using  crossed 
polarizers.  The  presence  of  graphite  was  also  identified  by  XRD. 

An  interesting  feature  of  the  two  micrographs  is  that  the  nature  of  the  graphite  particles 
changes  with  the  grain  size  of  the  B4C.  In  the  fine-grained  structure  the  graphite  particles  are 
intergranular  and  about  1  /am  in  size  while  in  the  coarse-grained  structure  the  intergranular 
particles  are  larger  (~  5  /u.m)  and  many  fine  particles  have  been  engulfed  by  the  large  B4C 
grains.  The  titanium  impurity  (as  TiB2)  also  can  be  found  as  an  intergranular  phase  in  the 
sintered  microstructure  as  1  /urn  particles,  but  like  the  graphite,  it  grows  as  the  B4C  grains 
coarsen.  This  growth  of  second-phase  particles  probably  occurs  by  coalescence  of  the  small 
particles  as  the  amount  of  grain  boundary  area  decreases  with  increasing  B4C  grain  size. 
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Figure  18.  Polished  section  of  B4C  +  2  wt%  C  sintered  at  2200-2210  °C  for  30  min  in 
argon 
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Figure  19.  Polished  and  etched  section  of  B4C  +  2  wt%  C  sintered  at  2260-2270  °C  for 


30  minutes  in  argon 


Figure  21. 


Graphite  particles  (bright  phase)  in  a  coarse-grained  sintered  B4C  micro- 
structure.  Revealed  with  cross-polarized  light  microscopy. 


The  uniformity  of  distribution  of  the  added  carbon  was  a  major  factor  in  microstructure 
development.  Powder  compositions  with  resin-solution  carbon  additions  that  contained  ag¬ 
glomerates  caused  by  segregation  of  the  resin  often  yielded  nonuniform  sintered  microstruc¬ 
tures.  Figure  22  exhibits  this  characteristic  in  a  B4C  +  6  wt%  C  compact  sintered  at  2250  °C. 
The  agglomerate  appears  as  the  elongated  fine-grained  region  which  is  partially  bounded  by  a 
crack-like  opening.  The  surrounding  microstructure  consists  primarily  of  large  grains.  It  was 
not  uncommon  to  find  a  large  number  of  these  regions  in  the  microstructure.  In  fine-grained 
structures  these  agglomerates  appeared  as  rounded  areas  of  high  porosity.  The  porosity  was 
actually  holes  left  when  the  polishing  process  removed  the  high  concentration  of  graphite  par¬ 
ticles  in  the  agglomerate  region.  The  size  of  the  agglomerates  corresponded  to  the  mesh  size 
through  which  the  processed  powder  had  been  screened.  Thus,  finer  mesh  screening  elimi¬ 
nated  some  agglomerates  and  left  finer  ones  which  generally  resulted  in  a  more  uniformly  sin¬ 
tered  microstructure.  The  wet-milling  process  (milling  in  heptane  for  10  to  18  h)  successfully 
removed  the  agglomerates  for  compositions  with  6  wt%  or  less  added  carbon,  allowing 
development  of  uniform  microslructures.  For  compositions  with  more  than  6  wt%  added  car¬ 
bon,  some  agglomerates  generally  remained  in  spite  of  the  wet  milling. 

An  interesting  feature  of  the  carbon-segregated  agglomerates  was  that  a  fine-grained  struc¬ 
ture  could  survive  in  these  regions  while  the  surrounding  microstructure  was  undergoing  con¬ 
siderable  grain  growth.  This  indicated  that  increased  carbon  concentration  might  inhibit  the 
abnormal  grain  growth.  Further  evidence  for  this  was  gained  by  the  observation  of  a  pro¬ 
nounced  surface  effect  on  grain  growth.  In  Figure  23  a  B4C  +  6  wt%  C  specimen  fired  at 
2250  °C  is  shown,  which  has  a  coarse-grained  grained  structure  internally,  but  from  the  sur¬ 
face  to  200  |um  deep  the  structure  is  fine-grained.  It  is  believed  that  this  is  caused  by  the  re¬ 
moval  of  boron  in  the  vicinity  of  the  specimen  surface  during  firing  by  oxygen  present  in  the 
furnace  atmosphere  and  in  the  B4C  itself.  Consequently,  the  surface  region  is  depleted  in 


boron  and  enriched  in  carbon,  which  inhibits  the  grain  growth.  At  sintering  temperatures 
above  2250  °C,  grain  growth  eventually  consumes  this  surface  layer. 

Following  this  realization,  compositions  with  8  to  12  wt%  added  carbon  were  investigated, 
and  indeed  the  additional  carbon  inhibited  grain  growth  without  seriously  affecting 
densification.  Compositions  with  a  well-distributed  12  wt%  C  could  be  fired  at  2270  °C  to 
99%  TD  and  would  give  a  fine-grained  (<  10  /am)  microstructure. 

Thus,  it  is  apparent  that  carbon  is  instrumental  in  controlling  the  grain  growth  process  in 
B4C.  Since  the  graphite  particles  tend  to  be  intergranular,  the  mechanism  of  grain  growth  in¬ 
hibition  is  expected  to  be  second  phase  particle  drag  on  grain  boundaries.  In  such  a  system, 
excessive  grain  growth  would  be  abnormal;  that  is,  grains  would  initially  grow  in  isolated 
areas  where  the  second-phase  particles  are  deficient.  Such  a  pattern  is  observed  in  B4C.  This 
phenomenon  also  points  out  the  importance  of  the  uniformity  of  distribution  of  the  added 
carbon  on  the  development  of  uniform  microstructure  in  sintered  B4C. 

As  a  function  of  time,  the  normal  grain  growth  process  in  B4C  is  slow.  The  composition 
B4C  +  6  wt%  C  fired  at  2000  °C  shows  little  densification  and  a  grain  size  on  the  order  of  1 
/am.  When  sintered  at  2220-2230  °C  to  97%  TD,  the  grain  size  only  increases  to  a  maximum 
of  about  5  /im  in  30  min  at  temperature.  Extended  hold  time  at  temperature  produces  only 
small  changes  in  grain  size.1 

When  abnormal  grain  growth  occurred,  it  was  not  necessarily  an  extremely  rapid  process. 
Compacts  of  B4C  +  6  wt%  C  were  fired  at  2240-2250  °C  for  10,  30,  or  60  min  to  determine 
how  quickly  large  grains  may  form.  At  10  min  the  density  reached  97%  TD  and  the  micro- 
structure  was  composed  of  fine  grains  1  to  5  /am  in  size.  At  30  min  the  density  was  98%  and 
the  microstructure  contained  isolated  grains  10  to  15  /am  in  size  in  a  matrix  of  1  to  5  /um 
grains.  After  60  min  the  density  was  99%  and  grains  20  to  40  /am  size  comprised  about  75% 
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of  the  structure  with  the  remaining  grains  <  10  pirn.  A  compact  of  B4C  +  12  wt%  C  subject¬ 
ed  to  the  same  60  min  firing  was  98%  dense  with  a  1  to  6  //.m  fine-grained  structure. 

The  onset  of  the  abnormal  grain  growth,  while  inhibited  by  free  carbon  in  the  structure, 
may  be  induced  by  the  impurities  present  in  the  B4C.  It  was  observed  previously  that  sin¬ 
tered  B4C  containing  some  tungsten  carbide  milling  impurity  experienced  extreme  grain 
growth  due  to  formation  of  a  liquid  phase.20  This  was  verified  by  sintering  B4C  with  1  wt% 
intentionally  added  tungsten  carbide.  At  this  high  level  of  impurity,  grains  larger  than  200 
yum  were  formed,  which  is  twice  that  normally  observed  in  B4C  without  the  impurity. 
Significant  tungsten  is  not  present  in  the  B4C  material,  but  the  impurities  Si,  Fe,  Ti,  and  Al 
are  present  at  ^  100  ppm  levels  in  some  or  all  of  the  B4C  powders  used,  and  these  may  be 
responsible  for  promoting  the  exaggerated  grain  growth. 

The  specimens  discussed  earlier  that  were  sintered  at  2200  °C,  with  additions  (1/2  to  2 
wt%)  of  the  impurities,  were  sectioned,  polished,  and  etched  to  observe  the  condition  of  the 
microstructures,  which  are  shown  in  Figures  24,  25,  26,  and  27.  A  control  specimen  with  no 
impurity  addition  sintered  in  the  same  firing  showed  no  abnormal  grain  growth.  It  is  ap¬ 
parent  from  the  micrographs  that  Si,  Fe  and  Al  generate  abnormal  grain  growth  while  Ti  has 
no  effect.  Most  likely  the  grain  growth  is  assisted  by  a  liquid  phase  formed  with  the  impuri¬ 
ty.  The  state  of  the  Fe  or  Al  is  unknown,  but  the  sintering  temperature  is  well  above  their 
melting  points.  Silicon  probably  reacts  with  carbon  to  form  SiC  and  at  low  concentration  may 
dissolve  in  B4C.  Compositions  of  the  reported  B4C-SiC  eutectic  composition  (70  wt%  B4C  — 
30  wt%  SiC)21  were  observed  to  melt  at  2240-2250  °C.  This  eutectic  melt  temperature 
corresponds  closely  to  the  temperature  at  which  considerable  abnormal  grain  growth  occurs  in 
sintered  B4C.  However,  this  may  be  misleading  since  the  amount  of  silicon  present  in  the 
ESK  B4C  (700  ppm)  may  be  entirely  dissolved  in  the  B4C  and  not  available  to  the  eutectic 
composition.  The  reported  solubility  of  silicon  in  B4C  is  0.36  wt%  at  2100  °C.22  Nevertheless 
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Figure  24. 


Figure  25. 


Polished  and  etched  section  of  B4C  +  6  wt%  C  +  1  wt%  Si 
2200  °C 


Polished  and  etched  section  of  B4C  +  6  wt%  C  +  1  wt%  Fe 
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Figure  26.  Polished  and  etched  section  of  B4C  +  6  wt%  C  4-  1  wt%  A1  sintered  at 
2200  °C 
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Figure  27.  Polished  and  etched  section  of  B4C  +  6  wt%  C  +  2  wt%  Ti  sintered  at 
2200  °C 
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at  a  high  level  (1  wt%)  the  silicon  content  may  be  sufficient  to  produce  a  liquid  phase.  The 
effect  of  Fe  and  A!  on  grain  growth  follows  similar  reasoning.  The  lack  of  effect  by  Ti  results 
from  its  tendency  to  form  the  refractory  compound  TiB2,  which,  like  the  graphite  particles, 
resides  in  the  structure  as  an  intergranular  phase. 

Evidence  of  a  second  phase  (possibly  the  source  of  a  liquid  at  elevated  temperatures)  was 
found  in  TEM  sections  where  small,  generally  submicron  particles  were  observed  on  B4C 
grain  boundaries.  X-ray  spectroscopy  was  used  to  determine  the  elemental  constituents  of  the 
particles.  Many  of  these  particles  were  the  TiB2  second  phase,  but  some  of  them  contained  Si 
and  Fe.  Thus,  some  of  the  silicon  and  iron  are  at  least  in  the  form  of  a  second  phase  which 
may  be  the  source  of  a  liquid  phase  at  the  sintering  temperature  inducing  grain  growth. 

The  likelihood  of  a  B4C-C  eutectic  liquid  alone  causing  the  abnormal  grain  growth  is 
doubtful  since  specimens  with  12  wt%  added  carbon  (beyond  the  solubility  limit  of  carbon  in 
B4C)23  showed  no  abnormal  grain  growth  at  2210  °C  and  no  evidence  of  melting  when  heat¬ 
ed  to  2300  °C.  The  eutectic  temperature  is  apparently  at  a  much  higher  temperature  than 
those  employed  in  this  study.  However,  these  components  could  be  part  of  a  liquid  formed 
with  the  impurities  in  the  system. 


III.  MECHANICAL  PROPERTIES  OF  BORON  CARBIDE  AND  STRUCTURES 
A.  Summary  of  Previous  Work 

During  the  initial  year’s  effort  significant  results  related  to  mechanical  properties  of  boron 
carbide  and  structures  were:1 

1.  Internal  friction  (inherent  material  damping  capacity)  was  determined  for  B4C  and  several 
other  representative  materials  by  measuring  the  free  decay  of  vibrating  free-beam  speci¬ 
mens.  Boron  carbide  was  found  to  possess  an  internal  friction  value  considerably  higher 
than  such  materials  as  steel,  aluminum,  and  aluminum  oxide  ceramic. 

2.  The  internal  friction  of  B4C  was  independent  of  frequency  in  the  range  of  500  to  8000 
Hz. 

3.  The  effect  of  porosity  on  the  internal  friction  was  minimal,  increasing  by  a  factor  of  2  for 
a  decrease  in  density  from  >  95%  to  58%  T D.  The  corresponding  elastic  modulus  was 
decreased  by  =  6  times. 

4.  Measurements  on  high  aspect  ratio  specimens  in  a  cantilevered  beam  configuration 
showed  that  the  mechanical  damping  capacity  was  strongly  influenced  by  the  clamping  ap¬ 
paratus.  Enough  of  the  mechanical  energy  of  the  vibrating  beam  escaped  through  the 
clamp  so  that  the  damping  capacity  of  a  B4C  beam  was  increased  by  34  times  at  a  fre¬ 
quency  of  88  Hz  and  by  4  times  at  558  Hz. 

5.  A  simple  and  highly  effective  way  to  enhance  the  damping  capacity  of  a  cantilevered 
beam  using  a  rubber  insert  in  the  clamping  assembly  was  evaluated  and  found  to  in¬ 
crease  the  damping  capacity  of  the  test  beam  by  100  times. 

6.  The  tensile  elastic  modulus  of  98%  dense  B4C  was  found  to  be  >  400  GPa. 

7.  Fracture  strength  was  measured  in  three-point  bend  for  a  number  of  hot-pressed  and  sin- 


tered  B4C  specimens.  The  development  of  a  coarse-grained  microstructure  was  found  to 
be  detrimental  to  the  fracture  strength. 

B.  Damping  Capacity  and  Elastic  Modulus 

The  inherent  damping  capacity  or  internal  friction  of  B4C  was  determined  by  vibrating  a 
free-beam  specimen  at  its  fundamental  flexural  resonant  frequency  and  then  observing  the 
free  decay  of  the  vibration.  The  elastic  modulus  could  be  calculated  from  the  value  of  the 
resonant  frequency.  Details  of  this  procedure  were  given  in  an  earlier  report.1 

The  objective  was  to  evaluate  these  properties  for  B4C  (and  ultimately  for  structures 
formed  with  B4C  elements)  relative  to  other  representative  materials  and  subsequently  to 
develop  a  means  to  enhance  the  damping  capacity  without  seriously  affecting  other  properties. 
The  damping  capacity  of  B4C  was  generally  higher  than  that  for  typical  ceramics  and  metals; 
however,  the  material  is  by  no  means  a  highly  damped  material  such  as  rubber.  So  it  was 
necessary  to  look  for  ways  to  increase  the  damping  capacity  of  B4C. 

Dense  B4C  possesses  a  high  elastic  modulus  (stiffness)  and,  when  coupled  with  a  low 
specific  gravity  (2.52  g/cm3),  one  of.  the  highest  stiffness  to  weight  ratios  of  all  materials. 
Given  a  reasonable  strength,  it  qualifies  as  a  potentially  good  structural  material,  particularly 
for  spacecraft  applications  where  mass  is  a  prime  consideration.  To  maintain  these  properties, 
significant  changes  in  B4C  to  effect  increased  damping  capacity  are  limited.  A  few  ways  have 
been  attempted  but  without  much  positive  effect.  Increased  porosity  doubles  the  internal  fric¬ 
tion  but  at  the  expense  of  a  greatly  decreased  elastic  modulus.  Sintered  B4C  with  either  a 
coarse-grained  structure  (grain  size  =  50  to  100  pm)  or  large  carbon  additions  (12  wt%  C) 
has  virtually  the  same  internal  friction  as  the  standard,  dense,  fine-grained  B4C  despite  the 
presence  of  microcracks  in  the  coarse-grained  material  or  the  large  amount  of  free  graphite 
(which  has  a  higher  damping  capacity  than  B4C)  in  the  high  carbon  content  material.  How- 
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ever,  both  of  these  variations  lead  to  decreased  strength.  It  is  interesting  that  the  microcrack¬ 
ing  in  the  coarse-grained  material  has  no  noticeable  effect  on  the  internal  friction  or  the  elas¬ 


tic  modulus  in  contrast  to  other  microcracked  ceramic  materials  which  exhibit  significant 
changes  in  these  properties.1819  It  is  possible  that  microcracking  in  B4C  is  not  as  severe  as  it 
is  in  other  systems.  The  addition  of  silicon  carbide,  a  suitable  alloying  agent,  to  B4C  also 
affects  the  damping  capacity  very  little.  The  damping  and  modulus  measurements  are  sum¬ 
marized  in  Table  13. 

The  conclusion  that  may  be  maae  is  that  changing  the  damping  capacity  of  B4C  by  materi¬ 
als  design  techniques  is  not  a  very  promising  approach.  Alternatively,  enhanced  damping  ca¬ 
pacity  should  be  approached  through  structural  design  and  indeed  this  proves  to  be  a  simpler 
and  more  effective  means.  There  are  certainly  many  ways  to  do  this,  but  the  method  chosen 
should  be  a  simple  one  that  introduces  a  minimum  of  volume  and  mass  to  the  structure  and 
that  maintains  the  integrity  of  the  structural  assembly.  The  second  of  these  requirements  is 


Table  13 

EFFECT  OF  MICROSTRUCTURAL  AND  COMPOSITIONAL  CHANGES  ON  INTERNAL 
FRICTION  AND  ELASTIC  MODULUS  OF  BORON  CARBIDE 


Composition 

Microstructure 

%TD 

Internal 

Friction 

Elastic 

Modulus  (GPa) 

B4C  +  6  wt%  C 

fine-grained 

98 

6.5  x  10-4 

404 

B4C  +  6  wt%  C 

coarse-grained 
and  microcracked 

96 

6.2  x  10-4 

388 

B4C  +  12  wt%  C 

fine-grained 

93 

6.1  x  10-4 

309 

B4C 

fine-grained 
and  porous 

58 

10  x  10-4 

62 

70/30  wt% 

B4C/SiC  +  3  wt%  C 


fine-grained 


97 


3  x  10-4 


based  on  the  need  for  a  potential  spacecraft  structure.  To  evaluate  structural  design  effects,  it 
was  necessary  to  run  tests  on  a  realistic  structure  such  as  a  cantilevered  beam. 

An  important  characteristic  of  a  structure  comprised  of  a  high  aspect  ratio  beam  attached 
at  one  end  to  a  rigid  base  is  that  when  the  beam  vibrates,  much  of  the  vibrational  energy 
may  be  lost  through  the  base.  Physically  this  process  is  quite  simple.  When  the  free  end  of 
the  cantilevered  beam  is  deflected  and  caused  to  vibrate  by  some  force,  a  roughly  equal  force 
is  applied  to  the  fixed  end  of  the  beam.  Since  the  fixed  end  is  not  free  to  vibrate,  elastic 
strain  results.  If  the  beam  material  has  a  high  stiffness,  much  of  the  force  will  be  applied  to 
the  rigid  base,  which  will  in  turn  be  strained  as  well.  In  this  way  the  vibrational  energy  is 
transmitted  from  the  beam  into  the  base.  Since  mechanical  damping  is  accommodated  by  the 
loss  of  vibrational  energy,  this  provides  an  enhanced  damping  to  the  beam.  This  characteris¬ 
tic  is  particularly  true  if  the  beam  material  is  of  the  same  or  greater  stiffness  than  the  base 
material,  as  will  be  the  case  with  a  B4C  beam. 

The  cantilevered  beam  test  apparatus  was  described  previously.1  With  this  rig,  it  was  ob¬ 
served  that  beams  of  B4C  and  stainless  steel  exhibited  higher  damping  capacity  than  warrant¬ 
ed  by  previously  measured  internal  friction  values.  This  increase  was  due  to  vibrational  ener¬ 
gy  losses  through  the  clamp  assembly.  Damping  capacity  was  further  enhanced  by  adding  a 
rubber  damping  element  at  the  clamping  point.  The  damping  element  was  able,  owing  to  its 
inherently  high  damping  capacity,  to  dissipate  much  of  the  vibrational  energy.  Figure  28  illus¬ 
trates  the  test  apparatus  with  the  damping  element.  Again  the  damping  is  measured  by  ob¬ 
serving  the  free  decay  of  vibrations  in  the  beam. 

Because  of  the  effectiveness  of  the  damping  element,  further  investigation  of  this 
configuration  followed.  For  ease  of  fabrication,  304  stainless  steel  was  chosen  as  the  beam 
material.  Operating  at  low  vibrational  deflection  levels  assured  that  the  beam  was  bending  in 


Figure  28.  Cantilevered  beam  with  rubber  damping  element 

an  elastic  mode  so  that  its  response  would  be  characteristic  of  other  elastic  materials  such  as 
B4C.  The  beam  was  7.25  in.  long  by  0.375  in.  wide  and  0.05  in.  thick.  One  end  of  the  beam 
had  a  section  0.25  in.  high  by  0.25  in.  thick  that  was  clamped  in  the  test  rig  between  tungsten 
carbide  grips.  Damping  tests  were  carried  out  using  three  different  configurations:  1)  with  no 
damping  element  in  the  assembly,  2)  with  a  damping  element  between  the  beam  base  and 
the  tungsten  carbide  grips,  and  3)  with  a  damping  element  in  the  clamp  but  only  partially  be¬ 
tween  the  grips  and  the  beam  (as  in  Figure  28).  Two  damping  elements  0.5  in.  square  by 
0.125  in.  thick  were  used  —  one  for  each  clamped  face  of  the  beam.  These  were  squeezed 


into  place  by  tightening  the  grips  onto  the  beam  with  the  damping  elements  in  position. 
Damping  element  material  was  either  rubber,  lead  (Pb),  or  textilite  (bonded  cellulose). 
Damping  capacity  results  are  shown  in  Table  14. 

Clearly  the  damping  capacity  of  the  cantilevered  steel  beam  is  much  higher  than  the  inter¬ 
nal  friction  of  this  material  (1.5  x  10-4)  measured  in  the  free-beam  mode.  In  configuration 
#2  with  the  damping  element  in  the  base,  little  is  changed  using  lead  or  textilite.  This  is 
probably  because  the  damping  element  has  little  opportunity  to  deform  and  dissipate  vibra¬ 
tional  energy  when  tightly  clamped  between  the  beam  base  and  the  rigid  grips.  The  rubber 
element  provides  some  increased  damping  since  it  is  able  to  deform  even  within  the  rigid 
clamp.  This  configuration  for  the  damping  element  does  not  appear  very  promising  and  may 
be  detrimental  to  structural  integrity  as  the  element  forms  a  physical  link  between  the  clamp 
and  beam. 


Table  14 

DAMPING  CAPACITY  OF  304  STAINLESS  STEEL  CANTILEVERED  BEAM 

WITH  DAMPING  ELEMENT 


Configuration^) 

Resonant 
Frequency  (Hz) 

Damping 

Capacity 

No  damping  element  (1) 

33.1 

4.1  x  10- 

Textilite  in  base  (2) 

33.1 

4.5  x  10- 

Lead  in  base  (2) 

33.1 

4.2  x  10- 

Rubber  in  base  (2) 

32.9 

7.9  x  10- 

Lead  near  base  (3) 

39.5 

9.7  x  10- 

Rubber  near  base  (3) 


35.3 


27.5  x  10"3 


The  best  enhancement  of  damping  capacity  is  achieved  with  the  damping  element  around 


the  base  in  configuration  #3.  In  this  mode  structural  integrity  is  retained  because  the  grips 
clamp  directly  onto  the  beam.  The  damping  element  contacts  the  beam  at  a  point  where  the 
beam  is  not  otherwise  rigidly  constrained  and  so  some  beam  deflection  is  present.  Thus  the 
damping  element  experiences  more  deformation  and  dissipates  vibrational  energy  to  a  greater 
extent.  The  rubber  element  was  the  most  successful  in  promoting  damping  as  might  be  ex¬ 
pected  from  its  naturally  high  internal  friction  value  (0.2).  Thus  an  extremely  high  damping 
capacity  (only  an  order  of  magnitude  less  than  rubber  itself)  can  be  imparted  to  a  cantilevered 
beam  using  a  low-volume,  low-mass  damping  element.  While  rubber  may  not  be  suitable  for 
use  in  space,  a  usable  and  comparably  high  damping  material  can  most  likely  be  identified. 

C.  Fracture  Strength  of  Boron  Carbide 

The  strength  of  a  high-stiffness  ceramic  material  in  a  structural  application  is  an  important 
property  because  only  relatively  small  deflections  can  occur  in  a  beam  of  such  a  material  be¬ 
fore  brittle  fracture  occurs.  Unlike  metals,  no  plastic  deformation  takes  place  to  offset  ap¬ 
plied  stresses  in  a  ceramic  such  as  B4C. 

Three-point  bend  testing  was  applied  to  B4C  test  bars  (1.25  in.  x  0.125  in.  x  0.125  in.)  us¬ 
ing  an  Instron  testing  machine  with  a  1  in.  span  and  a  crosshead  speed  of  0.02  in.  per  min. 

All  test  specimens  were  machined  longitudinally  to  avoid  alignment  of  machining  flaws  per¬ 
pendicular  to  the  applied  stress  except  in  one  set  of  hot-pressed  specimens  where  cross-cut 
machining  was  intentionally  used  to  study  the  effect  of  machining  flaws.  The  effects  of  com¬ 
positional,  microstructural,  and  processing  variations  on  the  flexural  strength  were  evaluated. 

Table  15  lists  the  flexural  strength  data  accumulated  for  B4C  in  this  study.  Each  data  point 
represents  an  average  for  6  to  10  test  specimens.  Ranges  are  shown  for  the  strength  values 
where  several  sets  of  test  bars  have  been  prepared  and  tested.  In  all  cases,  fracture  was 
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Table  15 

FLEXURAL  STRENGTH  OF  BORON  CARBIDE 


Material 

Microstructure 

%TD 

Fracture 
Strength  (MPa) 

Hot-pressed  B4C 
longitudinally  machined 

fine-grained 

94-95 

490 

Hot-pressed  B4C 
cross-cut  machined 

fine-grained 

94-95 

414 

B4C  +  6  wt%  C 
no  wet  milling 

fine-grained 

93-97 

140-400 

B4C  +  6  wt%  C 
wet  milled 

fine-grained 

98 

557 

70/30  wt% 

B4C/SiC  +  3  wi%  C 
wet  milled 

fine-grained 

99 

575 

B4C  +  12  wt%  C 
wet  milled 

fine-grained 

95-96 

290 

B4C  +  6  wt%  C 
some  wet  milled 

coarse-grained 

94-97 

160-230 

B4C 

fine-grained 
and  porous 

58 

219 

transgranular  as  exemplified  by  a  typical  fracture  surface  shown  in  Figure  29.  Strength  of  hot- 
pressed  B4C  is  comparable  to  that  measured  by  others213  and  provides  a  baseline  for  compari¬ 
son  to  strengths  of  pressureless  sintered  B4C  since  the  hot-pressed  material's  strength  is  rea¬ 
sonably  high  for  a  monolithic  ceramic.  Some  sensitivity  to  machining  flaws  is  evidenced  by 
the  15%  decrease  in  strength  for  test  bars  machined  cross-wise  so  that  machining  flaws  were 
perpendicular  to  the  applied  stress. 


Some  of  the  sintered  carbon-doped  B4C  exhibited  strengths  of  400  MPa,  but  the  strength 
was  inconsistent  for  different  sets  of  test  bars.  Very  low  strengths  (<  200  MPa)  were  often 


+  6  wt%  C). 


the  case.  When  the  wet  milling  process  (described  earlier  in  this  report)  was  utilized  in 
powder  preparation,  the  strength  increased  dramatically  to  a  value  (557  MPa)  higher  than  that 
for  the  hot-pressed  material.  This  was  also  true  for  a  wet-milled  composition  of  70/30  wt% 
B4C/SiC  with  3  wt%  added  carbon.  The  typically  low  strength  of  material  with  no  wet  milling 
resulted  from  flaws  associated  with  high  carbon  concentrations  generated  by  the  segregation 
of  the  resin  additive  in  the  processed  powder.  Figure  30  shows  the  fracture  surface  of  such  a 
low-strength  material.  The  uneven,  rough  surface  is  the  result  of  the  carbon  segregations  dis¬ 
tributed  throughout  the  material.  When  the  segregations  are  removed  by  wet  milling,  a 
smoother,  ridged  fracture  surface  appears  (Figure  31)  and  higher  strength  is  attained.  Frac¬ 
ture  origins  in  the  high-strength  material  were  typically  near  the  tensile  surface  and  often  con¬ 


tained  small  lumps  (or  holes),  indicating  that  some  small  carbon  segregations  remain  and  act 
as  critical  flaws.  Thus,  further  improvements  in  processing  should  increase  the  fracture 
strength  to  yet  higher  values  as  these  flaws  are  removed. 


Figure  30. 


Typical  fracture  surface  of  low  strength  B4C  test  ban  containing  many  re¬ 
gions  with  carbon  segregation.  Both  halves  of  fractured  bar  are  shown. 
Width  of  test  bar  is  0.125  in. 


Figure  31 . 


Typical  fracture  surface  of  high-strength  B4C  test  bar.  Both  halves  of  frac 
tured  bar  are  shown.  Width  of  test  bar  is  0.125  in. 


Increasing  the  carbon  concentration  enhanced  the  likelihood  of  carbon  segregations,  and 
with  12  wt%  added  carbon  even  the  wet  milling  process  was  relatively  ineffective.  Fracture 
surfaces  for  sintered  B4C  +  12  wt%  C  were  rough  (as  in  Figure  30),  and  the  strengths  were 
fairly  low  (290  MPa). 

Sintered  B4C  with  a  coarse-grained  microstructure  (grain  size  ^  50  /xm)  yielded  low 
strengths  as  well.  The  presence  of  large  graphite  particles  and  pores  which  grow  with  the  B4C 
grains  may  provide  the  strength-limiting  Haws.  Alternatively,  the  strength  may  be  lower  be¬ 
cause  the  fracture  is  transgranular  and  encounters  fewer  grain  boundaries  in  the  coarse¬ 
grained  material.  Thus  the  crack  moves  easily  across  the  large  grains  and  is  less  often 
deflected  by  encounters  with  grain  boundaries.  With  very  large  grain  size  (=  100  /u.m),  the 
observed  transgranular  microcracking  may  also  contribute  to  ease  of  fracture.  In  fact,  even 
where  microcracks  have  not  formed  in  the  coarse-grained  material,  the  residual  stresses  im¬ 
posed  by  the  thermal  expansion  anisotropy  are  still  present  and  can  aid  the  fracture  process. 

Porous  material  (58%  TD)  naturally  has  low  strength  because  there  is  less  bonding  be¬ 
tween  grains  to  resist  fracture.  It  is  interesting,  however,  that  the  porous  material  was 
stronger  than  some  of  the  dense  B4C  that  possessed  carbon  segregations  or  a  coarse-grained 
microstructure.  This  emphasizes  the  severe  effect  these  features  can  have  on  strength. 

With  proper  processing  and  microstructure  control,  quite  respectable  flexural  strength  may 


be  obtained  for  sintered  B4C. 
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Appendix  I 


Analytical  Techniques  for  B4C  Powder  Characterization 

1.  Total  carbon:  Powder  samples  were  ignited  in  flowing  oxygen  and  the  generated  CO2 
measured  gravimetrically  after  absorption  by  NaOH. 

2.  Metallic  impurities:  Powder  samples  were  dissolved  in  a  boiling  mixture  of  two  parts 
H2S04  and  1  part  70%  HC104.  Concentrations  of  dissolved  components  were  then  deter 
mined  by  spectrographic  analysis. 

3.  Total  boron:  Solutions  formed  as  above  were  treated  with  mannitol  and  then  titrated 
with  NaOH24 

4.  Free  carbon:  Uncombined  carbon  was  detected  qualitatively  by  XRD  as  graphite;  deter¬ 
mined  quantitatively  from  analysis  of  total  carbon  and  boron  as  the  variation  from  the 
B4C  composition. 

5.  Particle  size:  Determined  using  a  light  scattering  detection  system  to  analyze  the  particle 
size  distribution  of  a  centrifugally  sedimented  powder  sample  in  a  liquid  suspension. 

6.  Specific  surface  area:  Determined  by  low-temperature  adsorption  and  desorption  of  ni¬ 
trogen  (BET  method). 

7.  Oxygen  and  nitrogen  content:  Powder  samples  were  fused  in  inert  gas  with  graphite  to 
release  C02  and  N2,  which  were  quantitatively  analyzed  by  gas  chromatography. 

8.  Lattice  parameters:  Determined  by  conventional  X-ray  diffraction  (XRD). 


Appendix  II 


(Attached  paper:  “Abnormal  Grain  Growth  and  Microcracking  in  Boron  Carbide”) 


ABNORMAL  GRAIN  GROWTH  AND  MICROCRACKING  IN  BORON  CARBIDE 

S.  Prochazka,  C.I.  Hejna,  and  S.L.  Dole 


Boron  carbide  ceramic  has  been  traditionally  man¬ 
ufactured  by  hot  pressing  of  B4C  powders  of  particle 
size  1  to  SjLtm  at  temperatures  of  about  2100  °C. 
Although  this  has  been  a  routine  process,  bodies  with 
very  low  porosity  are  difficult  to  obtain.  In  recent 
years,  several  investigations  studied  the  sintering  in 
B4C"~S)  and  demonstrated  that  polycrystalline  bodies 
with  high  densities  can  be  obtained  by  the  press-and- 
sinter  approach.  This  approach  will  make  possible  the 
fabrication  of  B4C  configurations  previously  not  feasi¬ 
ble  such  as  tubes  or  other  hollow  shapes.  The  essence 
of  these  developments  was  the  observation  that  car 
bon  additions  beyond  the  B4C  molar  ratio  promoted 
densification  and  coincident  with  very  fine,  submicron 
starting  powders  made  possible  the  attainment  of 
high-density  materials  on  sintering  of  pressed  bodies 
near  2200  °C  in  argon.  The  effect  of  the  excess  carbon 
has  been  attributed  to  either  suppression  of  grain 
growth  or  to  the  formation  of  a  eutectic  melt  in  the 
B4C-C  system;  however,  the  mechanism  has  not  been 
studied  in  detail  and  many  related  problems  remain 
open. 

In  the  present  communication,  we  report  on 
abnormal  grain  growth  and  the  related  microcracking 
in  boron  carbide  observed  during  sintering  experi¬ 
ments  discussed  in  Reference  6.  The  study  was  done 
with  a  B4C  powder  (Tetrabor  1500,  ESK  Corp, 
Tonowanda,  NY*)  of  average  particle  size  of  1.08 /xm 
and  a  specific  surface  area  of  12  m2/g  to  which  3  to  6% 
by  weight  of  carbon  was  added  in  the  form  of  a 
phenolic  resin. +  The  components  were  mixed  as  a 
slurry  in  methanol,  dried  at  room  temperature, 
screened  through  a  40-mesh  sieve,  and  die-pressed  to 
1  -cm  diameter  pills  of  about  60%  of  theoretical  den¬ 
sity.  The  sintering  was  carried  out  in  flowing  argon  on 
carbon  setters  in  a  carbon  resistance  furnace  at 
2200  °C  to  2250  °C.  The  densities  of  the  sintered 
specimens  varied  depending  on  sintering  and  process¬ 
ing  parameters, (6)  ranging  up  to  97%  of  the  theoretical 
density  of  B4C  (2.52  g/cc). 

The  grain  structure  was  revealed  by  electrolytic 
etching  of  polished  and  lapped  sections  in  a  diluted 
Murakami’s  reagent.  The  microstructures  showed 

*  Composition  in  %:  total  carbon  21.3,  oxygen  1.46,  Ca  0.1,  Mg 

0.01,  Al  0.01,  Fe  0.1.  Si  0.2. 

+  Resin  6877,  Schenectady  Chemicals  Co. 


that  the  specimens  underwent  exaggerated  grain 
growth  when  the  sintering  temperature  exceeded 
2220  °C  as  shown  in  Figure  1.  The  large  grains  grew 
randomly  in  a  relatively  fine  grained  matrix  of 
equiaxed  grains  about  2-4  /xm  in  size.  The  large  grains 
also  frequently  showed  entrapped  inclusions  and  pores 
in  addition  to  engulfed  B4C  grains  of  different  orienta¬ 
tion  that  indicate  rapid  grain  boundary  advancement. 
Indeed,  near  2250  °C,  the  growth  occurred  in  minutes 
while  the  matrix  grains  barely  changed  in  size. 


Figure  1 .  I  ncipient  exaggerated  grain  growth  in  sintered 
boron  carbide.  Etched  specimen;  interference 
contrast. 


The  new  grains  give  the  same  diffraction  pattern, 
and  consequently,  this  growth  can  be  classified  as 
abnormal  or  exaggerated  grain  growth  that  has  been 
observed  in  numerous  other  ceramic  systems.  It  has 
been  frequently  associated  with  the  presence  of  small 
amounts  of  a  liquid  at  the  annealing  temperature/7' 
although  examples  of  exaggerated  grain  growth 
proceeding  in  the  absence  of  a  liquid  do  occur  (SiC, 
MgO).  In  the  present  case,  microstructural  evidence 
of  a  liquid  has  not  been  obtained  except  for  isolated 
cases  such  as  shown  on  Figure  2  where  the  presence  of 
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Figure  2.  Faceted  grains  grown  in  sintered  boron  car¬ 
bide  at  2250  *C.  Notice  cracks  indicated  by 
arrows.  Etched  specimen;  bright  field. 


large  faceted  grains  indicated  the  presence  of  a  melt  at 
temperature.  However,  the  proximity  to  the  eutectic 
temperature181  and  the  presence  of  impurities  detected 
by  TEM  as  inclusions  at  some  triple  points,  containing 
Si,  Ti,  Fe,  and  Cr,  make  the  intervention  of  a  liquid 
probable.  The  large  grains  invariably  exhibit  planar 
faults  that  were  identified  by  electron  diffractionin  a 
thinjection  as  twins  with  the  twin  direction  (Oil]  or 
[0111],  This  is  the  expected  orientation  as  it  leaves 
the  B12  icosahedra  unsheared. <9)  On  the  other  hand, 
twinning  in  the  small  matrix  grains  was  quite  infre¬ 
quent  contrary  to  other  observations/ 101 

Sections  of  the  coarsened  microstructure  with 
grains  100  ^m  and  larger  showed  transgranuiar  micro- 
cracks  such  as  those  in  Figure  3.  The  crack  density 
was  low  enough  that  the  microcracking  was  not 
reflected  in  measurements  of  the  elastic  modulus  or 
internal  friction.  In  some  instances,  the  cracks 
extended  from  the  large  grains  into  the  fine-grain 
matrix  indicating  that  the  large  grains  were  definitely 
the  source  of  the  stress  that  caused  the  cracking.  The 
origin  of  the  stresses  could  be  attributed  to  thermal 
expansion  anisotropy,  however,  no  data  to  support  it 
were  found  in  the  literature  and,  therefore,  high  tem¬ 
perature  lattice  parameter  measurement  was  under¬ 
taken. 

The  B4C  used  was  identical  with  the  powder 
identified  above  and  was  mixed  with  cubic  BN  as  an 
internal  standard,**  one  part  of  BN  with  20  parts  of 
B4C  by  volume.  The  B4C/BN  mixture  was  applied  in  a 
slurry. 

**The  cubic  boron  nitride  was  provided  by  R.C.  DeVries  of  the 

General  Electric  Research  and  Development  Center. 


•/  yJarlpi 


mmm 


^  kMm 


V.; 


10  ftm 


Figure  3.  Transgranuiar  microcracks  in  boron  carbide. 

Notice  also  inclusions  and  engulfed  grains. 
Etched  specimen;  bright  field. 


The  lattice  parameter  measurements  were  carried 
out  on  a  Rigaku  high  temperature  diffractometer  using 
Cu  K-alpha  radiation.  Slit  sizes  were  2  x  0.45°.  The 
measurements  were  carried  out  in  a  helium  atmo¬ 
sphere,  and  data  were  collected  at  the  following  tem¬ 
peratures  (°C)  24,  58,  102,  152,  201.5,  302,  402, 

503.5,  604.5,  703,  801.5,  902.5,  and  10.03.  Six  of  the 
data  collections  were  done  over  the  two  theta  range 
34-130°  at  counting  times  of  25-40  sec/0.05°  incre¬ 
ment;  these  were  at  temperatures  24,  152,  402,  703, 

801.5,  and  902.5°.  The  other  collections  were  done 
over  the  two  theta  range  34-86°  at  counting  times  of 
10  sec/®.05°  increment. 

The  two  theta  values  for  B4C  at  each  temperature 
were  corrected  using  the  two  known  theta  values  for 
BN  at  that  temperature.  To  assign  indices  to  high  an¬ 
gle  reflections  not  given  in  the  JCPDS  file,  the  power 
pattern  for  B4C  was  simulated  using  the  Dean  Smith 
program.  The  program  B106A  was  used  to  calculate 
the  lattice  parameters. 

At  700  °C  and  above,  an  amorphous  phase  began 
forming,  and  concurrently  the  lattice  parameter  mea¬ 
surements  were  not  consistent  with  the  measurements 
taken  up  to  600°;  the  lattice  was  smaller  than  was  ex¬ 
pected  at  700  °C  and  above.  The  amorphous  phase 
was  probably  B2O3.  Because  of  this  development,  only 
data  up  to  600  °C  were  considered  in  the  calculation  of 
the  thermal  expansion  coefficients  for  a  and  c. 

The  lattice  parameters  values,  A  a  la  ,  and  A  c  /  c  at 
their  respective  temperatures,  are  given  in  Table  1  and 
are  plotted  in  Figure  4.  The  slopes  correspond 
A  a  a/a  a  —  5.29  x  10-6  (0.29)  and  Aa(/a("  6.25  x 
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Table  1 


r  (°c) 

a„  A 

& 

P 

o 

1 

■u 

Co  A 

c/Co  IO-4 

24 

5.6039(12) 

0 

12.0756(25) 

0.0 

58 

5.6030(22) 

-1.606 

12.0751(46) 

-0.414 

102 

5.6038)17) 

-0.178 

12.0808(37) 

4.306 

152 

5.6071(14) 

5.710 

12.0888(29) 

10.931 

201.5 

5.6093(20) 

9.636 

12.0855(43) 

8.198 

302.0 

5.6112(29) 

13.027 

12.0900(61) 

11.925 

402.0 

5.6133(12) 

16.774 

12.1021(27) 

21.945 

503.5 

5.6165(16) 

22.484 

12.1097(35) 

28.239 

604 

5.6207(14) 

29.979 

12.1209(30) 

37.514 

Figure  4.  Lattice  parameter  values  and  their  respective 
temperatures. 

IO-6  (0.44)  where  the  data  in  parenthesis  gives  the 
standard  errors.  Averaging  the  data,  i.e.,  (2  x  a  „  + 
a  c  )/3  gives  a  -  5.61  x  IO-6  (0.34)  in  fair  agreement 


with  thermal  expansion  determined  in  a  dilatometer 
on  a  sintered  specimen  of  density  2.44  g/cc  that  gave 
5  =  5.25  x  10"6. 

The  thermal  expansion  anisotropy  is  large  enough 
to  account  for  severe  local  stresses  caused  by  the  large 
temperature  differential  (AT  —  2200  °C)  and  modu¬ 
lus  (£  =  4.4  x  io11  Pa).  Even  in  the  case  of  the  worst 
coincidence  of  errors,  the  residual  stresses  would 
reach  40  ksi.  Such  stresses  may  be  responsible,  at 
least  in  part,  for  the  relatively  low  fracture  strength 
currently  observed  in  polycrystalline  B4C. 
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